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CHAPTER I 
 
INTRODUCTION 
 
Many secondary materials such as bottom ash, slag, concrete debris, and other waste 
materials are being considered for use as substitutes for natural aggregates in highway 
applications due to suitable engineering and economic properties.  These applications 
include road bases, shoulders, embankments, and other fill applications.  This practice 
occurred following World War II when crushed concrete pavement was used for the base 
of road projects to preserve raw materials and reduce energy consumption and 
construction costs (Olorunsogo et al., 2002).  However, the increased interest in new 
applications for waste utilization has resulted in concern over the long-term physical and 
environmental performance of the waste-derived products.  Prediction of the future 
behavior of the proposed products, both physical and environmental, is critical for 
approval by both highway practitioners and environmental regulators.  This concern has 
resulted in the need for accelerated aging techniques that reflect the physical and 
environmental long-term behavior of the waste-derived products.  
 
The durability of aggregate materials against the forces of weathering is an important 
consideration in the selection of the material.  A primary exposure of concern is alternate 
freezing and thawing.  Current test methods for evaluating the soundness of aggregates 
due to freezing and thawing (AASHTO T 103 (AASHTO, 2000) and brine freeze-thaw 
ITM 209 (ITM, 2001)) are only based upon meeting physical test criteria and do not 
integrate environmental material performance.  However, during the design life of the 
application, materials are exposed to freeze/thaw cycles coupled with intermittent 
infiltration/wetting by precipitation events.  In such a scenario, leaching of material 
constituents is a primary pathway for environmental impact.  Therefore, material 
freeze/thaw durability and its impact on flow mechanisms may be a concern for 
constituent leachability.  Freezing and thawing is known to affect soil particle integrity 
(Oztas et al., 2003) and to cause changes in soil structure due to particle rearrangements 
(migration of fines, particle sorting and coarse particle heave), initiation of cracks, and 
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consolidation (Viklander, 1998, Viklander et al., 2000).  As a consequence of the 
alteration of the structure, infiltration patterns are changed and permeability is increased 
(Viklander et al., 2000).  Freezing and thawing also can cause movement of water content 
and influence constituent redistribution in soils (Marion, 1995; Pawluk, 1998; Shoop et 
al., 1997).  However, the relationships between these factors and actual leaching behavior 
have not been well established.  The effect of freezing and thawing processes may be 
significant enough to impact the environmental acceptability of a proposed application. 
 
Objectives 
The overall objective of this project was to investigate the effect of freezing and thawing 
on flow mechanisms and constituent leaching from recycled concrete during a scenario of 
infiltration.  This included determining the effect of (i) the moisture content at the time of 
freezing, (ii) the number of freeze/thaw cycles and duration of freeze/thaw cycles, and 
(iii) the critical parameters that impact flow mechanisms and control mass transfer of 
constituents to the environment during wetting coupled with freezing and thawing. 
 
Approach 
To achieve the research objectives, laboratory flow column studies coupled with 
freeze/thaw (F/T) aging were performed.  A laboratory formulated concrete (i.e., cement 
matrix spiked with contaminants of interest) was used as a model system to simulate 
recycled concrete aggregates.  The laboratory formulated concrete (LFC) was made from 
cement, sand, 0.29% wt sodium chloride, and 0.3% wt. each of the following metal 
cations:  arsenic, cadmium, copper, lead, and zinc.  The concrete was formed as block 
and then crushed to less than 9.5 mm.  Three material moisture contents of the packed 
material and three levels of F/T aging were examined to simulate different extents of 
freeze/thaw exposure. The three moisture contents examined were 7% (i.e., moisture 
content of the material as is), 15%, and 29% (i.e., moisture content at optimum packing 
density).  Samples with each of these moisture contents were subjected to 10, 20, and 40 
F/T cycles consisting of 8 hours of freezing at -12°C and 16 hours of thawing at room 
temperature (20 ± 3°C) and compared to a baseline sample (i.e., sample experiencing no 
freeze/thaw cycles).  Samples with 29% moisture content were also subjected to more 
 3
rapid F/T cycling, with a cycle consisting of 2 hours of freezing and 1 hour of thawing.  
At the conclusion of F/T aging of the material in the columns, a variety of response 
variables was measured.  These include infiltration patterns and constituent leaching 
during percolation flow controlled scenarios.  A full factorial design with two replicates 
was used.  Additionally, a limited number of intermittent flow columns with F/T aging 
were run on both LFC material and actual recycled concrete (construction debris 
material) to simulate field-like conditions.  
 
Chapter II provides a literature review of the freezing and thawing behavior of soils, 
concrete monoliths, and granular concrete and discusses the physical and chemical effects 
of intermittent F/T cycles, and current methods in use for assessing F/T deterioration.  
Chapter III describes the experimental design and the test methods used for this research. 
Chapter IV presents and discusses the results of the tracer and leaching experiments. 
Chapter V provides the main conclusions and recommendations drawn from this 
research. 
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CHAPTER II 
 
LITERATURE REVIEW 
 
Freeze/thaw (F/T) effects can be significant in cold climate regions that experience 
freezing and thawing throughout the winter season.  F/T cycling can pose significant 
problems for civil engineering structures such as roads, building foundations, retaining 
walls, driveways, and similar structures. Frost action leads to the physical change of 
water in soils or concrete structures from liquid to solid with a volume change.  As soils 
freeze, ice blocks the soil pores, greatly diminishing the permeability of the soil (Couper, 
2003; Hansson et al., 2004).  This is aggravated by the tendency of water to migrate to 
the freezing front, causing elevated ice content and frost heave (Talamucci, 2003). Frozen 
soils can heave up to 2 feet (Corr et al., 2001).  When critically saturated concrete (i.e., 
90% of the pore space in the concrete is filled with water) (Ghafoori et al., 1998) is 
exposed to freezing temperatures, the water in the pore spaces within the concrete freezes 
and expands by approximately 9% (Penttala, 1998; Corr et al., 2001), damaging the 
concrete.  Repeated F/T cycling results in surface scaling and cracking (Ghafoori et al., 
1998) and can lead to disintegration of the concrete.  The critical factor in frost damage 
of soil and concrete structures is the moisture condition of the material.  Only soils and 
concrete elements subjected to continuous or frequent wetting are susceptible to damage 
by F/T cycling. 
 
The focus of this research is to determine the effect of F/T cycling on flow mechanisms 
and leaching of constituents from granular recycled concrete that may be used as 
subgrade for highways.  The redistribution of solutes following F/T cycling has been 
observed in soils (Marion, 1995; Grogan et al., 2004).  Similar behavior would be 
expected from constituents leaching from granular recycled concrete following F/T 
cycling.  The composition of recycled concrete aggregate is variable and standards test 
methods predicting the behavior during freezing and thawing have not been developed.  
Most existing research on F/T cycling focuses on the physical effects to soil, such as frost 
heave and changes to soil strength and hydraulic pathways, and the physical effects to 
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concrete monoliths including changes to compressive strength, changes to porosity, and 
cracking.  These effects are discussed in this chapter to provide background information 
concerning freezing and thawing of porous material. An overview of F/T cycling of soils 
is first presented followed by an overview of F/T cycling of concrete materials. 
 
Soil and F/T Cycling 
Three main freezing characteristics of soils have been observed (Marion, 1995) (1) water 
flows towards and accumulates at freezing fronts, carrying along some solutes, (2) water 
in soil pores freezes at temperature below 0°C because of a freezing-point depression 
caused by the interactions between water, soil particles, and solutes, and (3) when water 
freezes it forms segregated ice lenses, which push apart the soil around them as they 
grow, causing a volume increase (frost heaving). 
 
Physical Factors Associated with F/T Cycling of Soils 
The soil moisture content plays a significant role in the F/T behavior of soils. The 
chemical make-up and temperature of soils affect the soil physical properties including 
strength and frost heave by controlling the freezing point of water and the unfrozen water 
content. 
 
Soil Moisture Content 
Moisture content can affect the extent of F/T damage and may change between F/T 
cycles under field conditions (Couper, 2003).  Potential moisture content loss with 
increases in the number of F/T cycles was observed by Couper (Couper, 2003) when ice 
needles were formed from moisture in soil samples after 8 F/T cycles but became rare 
after 25 F/T cycles.  Couper further suggested that the moisture content was the primary 
property that influenced expansion and contraction of soil during F/T cycling, rather than 
porosity or degree of packing (Couper, 2003).  This determination was made based on the 
lack of dimension changes of the sample following a “jolt” that caused disintegration 
(Couper, 2003). 
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Oztas et al., 2003 varied the moisture content in soil samples to determine its effect on 
soil aggregate stability following F/T cycling.  The air-dried content, the field capacity 
moisture content, and 90% saturated moisture content were investigated (Oztas et al., 
2003).  Moisture content variation demonstrated a significant change in aggregate 
stability.  F/T cycling had a greater affect on aggregate stability in the samples with field 
capacity and 90% saturated moisture contents when compared to the samples that had 
been air-dried (Oztas et al., 2003). 
 
Freezing-Point Depression 
Solutes lower the freezing point of water. The freezing-point depression in dilute 
solutions can be determined as follows (Alberty, 2001): 
A
BA
f H
mMRTT ∆=∆
2
                (1) 
where R is the universal gas constant, T is the temperature, MA is the molar mass of 
solvent (kg/mol), mB is the molality of the solute (mol/kg), and ∆H is the enthalpy of 
fusion of ice (J/mol). 
  
During the freezing process, solutes move toward the unfrozen solution causing the 
highest concentration of solutes to be ahead of the freezing front (Marion, 1995).  
Temperature, solute concentration, and soil adsorption capability control the freezing-
point depression and the amount of unfrozen water content (Marion, 1995).   
 
Unfrozen Water  
When soil is frozen, an unfrozen film of water exists around the soil particles.  
Approximately 8-20% of soil water is in the liquid phase when the soil has been 
maintained at -5°C for several days (Teepe et al., 2001).  This water film allows for the 
movement of solutes in the frozen soil (Marion, 1995).  More unfrozen water exists in 
fine textured soils than coarse soils because the apparent heat capacity extends to much 
lower temperatures (Hansson et al., 2004). 
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Effect of F/T Cycling on Soil Physical Properties 
F/T cycling has been observed to affect the physical properties of soils. F/T cycling is 
known to affect the soil particle integrity (Oztas et al., 2003) and cause changes in soil 
structure due to particle rearrangements (migration of fines, particle sorting and coarse 
particle heave), initiation of cracks, and consolidation (Viklander, 1998, Viklander et al., 
2000). As a consequence of the alteration of the structure, infiltration patterns are 
changed and permeability increased (Viklander et al., 2000).  
 
Soil Volume 
During freezing, the volume of soil increases and is referred to as frost heave.  The 
largest increase in volume occurs after the first F/T cycle (Kim, 2004).  Frost heave 
occurs due to the different densities of water and ice and the migration of water from the 
unfrozen soil to the freezing front, which is controlled by the freezing rate, dry density, 
particle size, and permeability of the soil (Talamucci, 2003).  Frost heave can move soil 
as much as two feet (Corr et al., 2003).  Fine-grained soils are more susceptible to 
freezing and experience greater frost heave damage than coarse-grained soils (Talamucci, 
2003).  The change in volume depends on the void ratio and the amount of water in the 
pores.  For example, Viklander et al., 2000 found that after thawing, dense soil expanded 
while loose soil compacted with each resulting in the same void ratio, which was slightly 
above the optimum for maximum density.  This behavior is also referred to as self-
healing, which occurs when fractures that occur as a result of freezing collapse during 
thawing (Viklander et al., 2000).  Frost heave not only depends on the moisture content 
of soil, but mainly on the formation of segregated ice lenses (Marion, 1995). 
 
Soil Strength 
Soil samples have demonstrated cracking and disintegration during 30 F/T cycles 
consisting of freezing at -6°C for 10 hours and thawing at 6°C for 14 hours (Couper, 
2003).  Couper, 2003 also indicated the expansion of soil during freezing and contraction 
during thawing was influenced by moisture content and not by compaction or porosity of 
the soil.  Soil becomes stronger during freezing with the bonding of ice and soil particles, 
but freezing and thawing can either increase or decrease the soil strength (Marion, 1995). 
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Oztas et al., 2003 found the stability of aggregates in soil usually increased after the first 
few F/T cycles.  Soils were generally weaker immediately after thawing because the 
aggregate could not reabsorb all of the water.  The stability of aggregate in soil depends 
on the aggregate size, the initial moisture content, the number of F/T cycles, and the 
freezing temperature.  Soils with poor structure were more stable after F/T cycling while 
well-structured soils were less stable from aggregate rearrangement.  (Oztas et al., 2003) 
 
Soil Permeability and Flow Mechanisms 
Water flow and solute transport processes may be affected by F/T cycling.  Mechanisms 
controlling flow such as permeability can change from expansion and contraction of soil 
during F/T processes.  Preferential flow, which may increase contaminant transport, can 
occur through cracks or macropores in soil that can be created by F/T cycling.   
 
F/T processes can alter hydrologic pathways in soils in several ways.  As water migrates 
to the freezing front the porosity of the soil can be modified (Talamucci, 2003).  During 
freezing, the hydraulic conductivity of soil has been found to decrease exponentially from 
0°C to -1°C and then remain constant at lower temperatures (Marion, 1995) due to the 
rapid flow of water to the freezing front at initial freezing temperatures (Hansson et al., 
2004).  While soil is frozen, ice blocks the water flow through a porous medium 
(Hansson et al., 2004). Kim, 2004 found that immediately following a F/T cycle, the 
porosity and hydraulic conductivity decline during thaw consolidation followed by an 
increase in hydraulic conductivity indicating the soil may actually be denser from 
consolidation after F/T cycling if constant pressure is applied.  This indicates soil is self-
healing.   
 
While the hydraulic conductivity decreases during freezing, F/T cycling can cause a final 
increase in hydraulic conductivity based on particle rearrangements, the formation of 
cracks, and consolidation (Viklander et al., 2000).  The moisture content of soil can affect 
whether the permeability increases or decreases as a result of F/T cycling.  Viklander et 
al., 2000 observed that after six F/T cycles the permeability of soil increased 81 times the 
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initial value as a result of stone movements in samples with optimum moisture content, 
while the permeability increased only 3 times in samples compacted at 6% wet of 
optimum moisture content demonstrating a dependence on moisture content and the 
initial void ratio. 
 
Effect of F/T Cycling on Soil Chemical Properties 
F/T cycling has been observed to influence constituent redistribution in soils.  F/T cycling 
occurring during snow melt has been found to affect the chemical composition of streams 
and the hydrologic pathways for contaminant transport (Edwards et al., 1986).  The 
redistribution of solutes depends on freezing rate, moisture content, soil particle size, and 
time (Marion, 1995).  Movement of solutes through soil can occur by convection and 
dispersion into the soil matrix and is affected by soil moisture and soil temperature 
(Paraiba et al., 2002).  Changes in the chemical potential initiated by changes in 
hydrostatic pressure, temperature, solute concentration, and/or electrical potential of 
water cause water movement through soil (Marion, 1995).   
 
A charge separation occurs at the freezing front in dilute solutions where the anions 
adsorb to the ice phase while cations remain in the unfrozen water.  Marion, 1995 
specifically examined the existing research on precipitation-dissolution and cation 
exchange reactions in soil and found that while no change in cation exchange capacity 
occurs with freezing for two months and thawing for two months, alternate F/T cycles 
initiated fixation of potassium and release of potassium from the soil matrix.  Marion 
1995 found freezing increased the soil pH, while thawing decreased the soil pH.  In 
addition, increases in ammonium and nitrate occurred following F/T cycling due to 
mineralization of organic nitrogen (Marion, 1995).   
 
Engineers have developed processes that use freezing as a method for dewatering 
hazardous materials or immobilizing contaminants by controlling constituent transport 
processes (Marion, 1995).  Solute exclusion that occurs at the freezing front can be 
helpful in remediation by pushing contaminants out of frozen soil or detrimental by 
pushing contaminants at the freezing front into the groundwater (Marion, 1995).  
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Freezing soil is used to prevent movement of water during tunnel construction (Hansson 
et al., 2004). 
 
Concrete Monoliths and F/T Cycling 
The freezing and thawing of concrete shares similarities with the freezing and thawing of 
soil because both are porous media.  Most research available on the effect of F/T aging 
on concrete concerns the modifications to physical properties of concrete monoliths.  F/T 
cycling affects the durability of concrete depending on many factors including the initial 
moisture content, the amount of air entrainment, and the type of aggregate used.  Frost 
damage usually starts as scaling and may be followed by loosening of the surface 
aggregates and cracking, and is most prevalent on horizontal surfaces (Penttala et al., 
2002). 
 
F/T Mechanisms in Concrete Monoliths 
Several mechanisms contribute to F/T damage including hydraulic pressure caused by the 
freezing of the pore solution in concrete, the diffusion of water from the small pores into 
the larger capillary pores followed by freezing, the differential strains caused by 
shrinkage and swelling during freezing and thawing, and the osmotic pressures that 
develop during freezing with a local salt concentration (Basheer et al., 2001).  
 
The movement of water from small pores into larger capillary pores occurs due to the 
curvature at the interface between ice and water and the differences in the chemical 
potential of ice and water, which pulls water from the smaller pores until the space for ice 
formation is filled up (Penttala et al., 2002).  Expansion in concrete is caused by 
hydraulic pressure from the compression of “residual water” (Mohamed et al., 2000).  
During thawing, the water returns to the smaller pores, which causes suction of additional 
moisture from the environment (Penttala et al., 2002).   
 
The pressure change from F/T cycling can be determined using the Clapeyron equation as 
follows (Alberty, 2001): 
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where p is the pressure of water, p0 is the reference pressure, ∆H is the enthalpy change, 
∆V is the volume change on freezing, T is the final temperature, and T0 is the initial 
temperature. 
 
Penttala et al. 2002 developed a set of equations that calculates the change in the liquid 
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In the equation, R is the universal gas constant, T is the temperature, vi is the specific 
volume of ice, ∆h0wi is the freezing heat of the liquid at the reference temperature T0, pv is 
the vapor pressure and pv0 is the vapor pressure at the reference state, γw is the activity 
coefficient, xunf is the mole fraction of pore water before freezing, and the specific heat 
capacities of ice (c0pi) and water (c0pw) are determined as follows: 
 
c0pi(T) = 38.052[1 + 373.7 x 10-5(T-T0)] for ice and     [J/mol]          (4) 
     c0pw(T) = 75.996[1 – 54.0 x 10-5(T-T0)] for water.  [J/mol]   
 
The pressure of pore water at 20°C is -22 MPa at a relative humidity of 0.85 (Penttala et 
al., 2002).  If concrete is unrestrained, the volume will increase during freezing because 
water expands as it is transformed to ice.  The coefficient of thermal expansion of ice is 
six times larger than that of the concrete matrix, which causes an additional expansion in 
the strain curve for non-air entrained concrete around -20°C (Penttala et al., 2002).  The 
initial freezing of water causes expansion to the concrete matrix, but with continually 
decreasing temperatures, the ice actually contracts six times faster than the matrix.  Ice 
expands six times faster than the matrix as the temperature begins to increase again to 
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0°C and when the moisture content is high, the ice cannot melt fast enough during 
thawing and the concrete matrix is damaged (Penttala et al., 2002).  Freezing behavior 
differs from thawing behavior.  Based on conductivity studies, more ice is present during 
thawing than during freezing because of hysteresis of ice formation during freezing (Cai 
et al., 1998).  Cai et al., 1998 determined ice thaws very little with increasing temperature 
up to 0°C. 
 
Physical Factors Associated with F/T Cycling of Concrete 
 
Unfrozen Water 
Concrete, like soil, has unfrozen water within the smaller pores.  Ghafoori et al., 1998 
stated the water in these pores will not freeze until the temperature reaches -78°C.  The 
unfrozen water content in concrete is “structurally oriented” during freezing and may not 
freeze until temperatures reach -90° to -100°C, and vapor pressure causes this water to be 
transported to the outer surface of a concrete sample (Penttala, 1998).  The amount of 
water that can be frozen depends on the freezing temperature, the moisture content, and 
the composition of the pore solution (Basheer et al., 2001).  The actual freezing point of 
the water in the small pores and the amount of ice that forms depends on the amount of 
water that can be frozen and the pore structure including parameters such as the pore 
volume, radius and size distribution (Cai et al., 1998).   
 
Freezing-Point Depression 
Ice formation is described by Corr et al., 2003.  The freezing point depression that occurs 
in concrete causes a 0°C isotherm to form and move ahead of the freezing point with the 
unfrozen water content between the isotherm and freezing point. The unfrozen water 
content provides the water for ice lens formation.  The rate of formation of ice lenses 
depends on the permeability of the porous material.  The process involves mass transfer 
as particles are rearranged to allow room for ice and involves heat transfer as energy is 
released during the phase change from liquid to solid.  Ice lens formation ceases when the 
water cannot be supplied fast enough ahead of the freezing front (Corr et al., 2003).  F/T 
 13
cycling causes damage to concrete monoliths when the freezing rate is quicker than the 
transport of the water to the outer surface (Penttala, 1998).   
 
Concrete Moisture Content  
Research suggests concrete is never fully saturated.  Penttala, 1998 noted a fully saturated 
concrete is almost impossible, because test specimen taken out of water to a relative 
humidity less than 100% had gas and water vapor filling the large pores.  Research 
conducted by Chatterji, 2004 on the unsaturated state of concrete stored under water 
found concrete under water with a water/cement ratio less than 0.6 was not fully saturated 
after 222 days of immersion.  
 
The higher the moisture content, the greater the internal hydraulic pressure during ice 
formation and the more severe the frost damage within a certain temperature range (Cai 
et al., 1998).  Basheer et al., 2001 stated that a high degree of saturation is necessary for 
frost damage.  When concrete is critically saturated (approximately 90% saturated) the 
excess water can be forced out of pores during freezing and create hydraulic pressures 
(Ghafoori et al., 1998).  Moisture content significantly affects the durability of concrete 
during F/T and should be controlled in accelerated F/T tests (Geiker et al., 2001).  Geiker 
et al., 2001 observed the effects of F/T exposure on concrete cylinders with different 
water/cement (w/c) ratios ranging from 0.35 to 0.45, air entrainment ranging from 1% to 
5.5%, and curing times ranging from 1 to 12 months.  Results indicated that the concretes 
with higher w/c ratios were more affected by the exposure to F/T cycling (Geiker et al., 
2001).  During F/T cycling, the absorption of water by the concrete matrix increases due 
to suction during thawing as water moves back into the smaller pores even if no F/T 
damage is evident (Jacobsen et al., 1996).  Weight loss of concrete occurs during F/T 
cycling, and a relationship was found between absorption and weight loss (Basheer et al., 
2001).   
 
Air Entrainment 
Air entrainment is commonly used to increase the frost resistance of concrete.  Values 
between 2% and 6% are ideal for improving frost resistance (Mohamed et al., 2000).  Air 
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entrainment provides voids for unfrozen water with a higher free energy than ice that is 
forced out of smaller pores in the concrete as ice expands and fills up the large capillaries 
(Ghafoori et al., 1998), or as Mohamed et al., 2000 stated, air entrainment creates a quick 
path for compressed water to escape from the matrix.  Air entrainment is more effective 
when the air voids are close together (Penttala et al., 2002).  If the concrete is saturated 
with water, the hydraulic pressure created from freezing cannot be relieved by the air 
voids (Ghafoori et al., 1998) and deterioration may be greater.   Cai et al., 1998 found 
that air entrainment did not affect the freezing point or amount of ice formation but 
improves the mechanical properties of concrete.  Alternatively, Penttala et al., 2002 stated 
that air voids limit the hydraulic pressure and shorten the time available for ice to freeze, 
limiting the ice formation. 
 
Penttala, 1998 varied the air entrainment in concrete mortars and measured the changes in 
strain during freezing.  Results indicated that saturated mortars expand during the first 
freezing temperature regardless of air entrainment, and as the temperature continued to 
decrease, wet mortars continued to expand compared to dry mortars.  After one freezing 
cycle, the wet mortars contracted quickly as the water moved from the smaller pores in 
the concrete to the ice in the larger pores.  The mortar with the highest air entrainment 
(8.4%) did not have any significant cracking, while the mortars with 0.8% and 6.5% air 
entrainment demonstrated cracking (Penttala, 1998).  However, both air entrained and 
non-air entrained concrete preserved in low relative humidity absorbed available water, 
which increased frost damage (Penttala et al., 2002). 
 
Effect of F/T Cycling on Concrete Durability 
The frost resistance of concrete refers to its performance under F/T conditions.  Geiker et 
al., 2001 stated a non-frost resistant concrete will be damaged within 28 F/T cycles.  The 
frost resistance can be increased by lowering the w/c ratio, which decreases the initial 
moisture content of the concrete, and using a low-absorptive aggregate (Ghafoori et al., 
1998).  According to Ghafoori et al., 1998, air entrainment is the most influential method 
for increasing frost resistance.  Frost resistance depends on porosity, moisture content, 
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and environmental conditions (Zaharieva et al., 2004).  Frost resistance is higher when 
the mechanical properties are higher and the porosity is lower (Zaharieva et al., 2004). 
 
Compressive Strength and “Self Healing” of Concrete 
Self healing can occur when concrete expands and contracts to a denser state from small 
loose particles filling cracks during F/T cycling and can improve the compressive 
strength and durability of concrete.  Research has shown that compressive strength of 
concrete can increase with F/T cycling based on eight years of testing concrete cylinders 
stored outdoors and that the compressive strength doubled (Jacobsen et al., 1996).  
Factors that influence self healing include the age of the concrete (self healing decreases 
with age) and the exposure of the concrete to moisture (self healing is higher with high 
humidity than submersion).  Compressive strength increased 4-5% from self healing in 
laboratory experiments using ASTM C 666 method (Jacobsen et al., 1996).  Another 
mechanism for apparent self healing behavior is described by the application of continued 
hydration to concrete, which increases the degree of saturation from critical to frost 
resistant by reducing the amount of water that freezes and, thus, increasing the strength 
and frost resistance.    
 
Stress/Strain and Concrete Cracking 
Strains in concrete monoliths before freezing are caused by the differences in pore 
pressure between the surface and the inside of the concrete.  After freezing and thawing, 
the strains are modified by temperature differences.  Penttala et al., 2002 measured the 
changes in stress and strain of concrete monoliths during freezing and thawing.  The 
largest tension stress during freezing occurred on the surface of samples in the axial and 
tangential directions and was of the same magnitude in both air entrained and non-air 
entrained concrete at 2.2 MPa.  The largest tension stress during thawing (greater than 2.5 
MPa in air-entrained concrete and 1 MPa in non air-entrained concrete) occurred in the 
middle of the cylinder in the axial direction.  (Penttala et al., 2002) 
 
Cracking occurs in concrete as a result of hydraulic pressure changes that occur during 
freezing and thawing (Penttala, 1998; Ghafoori et al., 1998).  Many researchers have 
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observed significant cracking in concrete cylinders following F/T cycling (Penttala et al., 
2002; Jacobsen et al., 1996; Jacobsen et al., 1995).  Cracking was found to develop in the 
axial direction of the cylinder and perpendicular to the axis (Penttala et al., 2002).  Crack 
formation and scaling may occur due to the increased absorption of water during freezing 
and thawing, often referred to as the pumping effect (Penttala et al., 2002).  The pumping 
effect occurs at the end of each thawing cycle if additional moisture is available for 
uptake (Penttala et al., 2002).  F/T cycling commonly causes crack formation in concretes 
that are cured in moist environments (Penttala et al., 2002). 
 
Air entrainment can delay and sometimes prevent the formation of cracks (Mohomed, et 
al., 2000).  In a visual study of concrete wall panels from 1943 to 1997, no pattern 
cracking was observed in a panel with sufficient air entrainment, while wide pattern 
cracks and straight cracks were observed in other panels (Mohomed et al., 2000).  
 
Concrete Permeability 
Permeability provides pathways for constituent transport in concrete (Olorunsogo et al., 
2002).  Permeation demonstrates the ease with which a fluid passes through a porous 
media due to a pressure gradient and is accounted for in Darcy’s Law: 
 
)/)(/(/ dLdPkAQv µ−==         (5) 
 
In the above equation, v is the velocity, Q is the flow rate, A is the cross-sectional area, 
dP is the pressure loss over length dL, µ is the viscosity, and k is the intrinsic 
permeability (Basheer et al., 2001). Properties affecting permeation include pore 
structure, moisture content, and the characteristics of the fluid (Olorunsogo et al., 2002).  
The changes in permeability due to F/T cycling may affect contaminant transport through 
concrete similar to soil.  The permeability of concrete affects its durability, because the 
restriction of the flow of fluids through concrete can help reduce the deterioration that 
occurs from harmful substances (Olorunsogo et al., 2002) or extreme conditioning such 
as alternate F/T cycling.  Once a continuous pathway is formed by the fluid in the pores, 
permeability continually increases (Olorunsogo et al., 2002). 
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Effect of F/T Cycling on the Chemical Properties of Concrete Monoliths 
Little research is available concerning the effects of F/T cycling on chemical properties 
of concrete.  During ice formation, the electrical conductivity of concrete changes.  The 
conductivity is always higher during the freezing process and lower during the thawing 
process (Cai et al., 1998).  Ions in the pore solution including Ca2+, OH-, Na+, and K+ 
make the concrete conductive, and the conductivity decreases during freezing as the pore 
solution decreases (Cai et al., 1998).  The changes in conductivity can, therefore, be used 
to measure ice formation. 
 
Recycled Aggregates and F/T Cycling 
The use of recycled concrete as aggregate is becoming more common in the commercial 
construction industry due to the decreasing space available in landfills and the increasing 
generation of construction debris (USDOT et al., 2004).  Currently, 123 million tons/year 
of waste material is generated from building demolition (USDOT et al., 2004).  Recycled 
materials are already being used in the United States in bridges and highways as base, 
subbase, cement and concrete, and embankments (Apul et al., 2002). 
 
The properties of recycled aggregate vary.  During the storage of recycled aggregate, 
aggregate from different sources with different properties are mixed.  When recycled 
aggregate is crushed, it fractures at the weakest areas such as cracks or coarse aggregate 
particles (Gokce et al., 2003).  The integrity of the aggregate is maintained during 
processing according to Gokce et al., 2003.  However, Olorunsogo et al., 2002 stated 
permeation, diffusion, and absorption increased as a result of crushing recycled aggregate 
due to the formation of cracks and fissures.  Fine recycled aggregate is not used often 
because of its “drawbacks” (Zaharieva et al., 2004).  Fine aggregates cannot be overused 
in the base and subbase of highway applications because they fine particles can prevent 
drainage and increase frost damage (Apul et al., 2002).  The properties of the aggregate 
are important when considering frost resistance, because aggregate represents 75% of the 
concrete (Zaharieva et al., 2004). 
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Concrete Made with Recycled Aggregate 
Limited research is available concerning the behavior of concrete made with recycled 
aggregate when subjected to F/T cycling.  The existing literature focuses on 
understanding the mechanical properties of recycled aggregate concrete (RAC) 
(Olorunsogo et al., 2002).  Gokce et al., 2003 noted that the use of recycled coarse 
aggregate is not recommended in areas with extreme freezing and thawing.  Studies have 
shown that the hydraulic conductivity decreases when recycled materials are added to 
Portland cement concrete (Apul et al., 2002).  The durability of RAC has been found to 
decrease with increases in the percentage of recycled aggregate used in the concrete 
(Olorunsogo et al., 2002).  Past research indicated air entrainment cannot improve the 
frost resistance of RAC (Gokce et al., 2003).  Recycled aggregate generally has a high 
w/c ratio, which contributes to a high porosity and low mechanical properties (Zaharieva 
et al., 2004).  Gokce et al., 2003 examined the effect of air entrainment in aggregate and 
found the frost resistance of the RAC made with non-air entrained aggregate was low, but 
the RAC made with air entrained aggregate had acceptable F/T durability.  While the 
RAC had a greater volume of permeable pores and water absorption than concrete made 
with virgin sandstone aggregate, the F/T durability was higher in the RAC made with air 
entrained aggregate (Gokce et al., 2003).  This may be due to the elimination of the weak 
areas of the recycled aggregate during the processing (Gokce et al., 2003).  Only 12.5% 
of non-air entrained aggregate in concrete can significantly decrease the frost resistance 
(Gokce et al., 2003).  After 90 F/T cycles, the bond between the mortar and the aggregate 
was broken when non-air entrained aggregate was used (Gokce et al., 2003).   
 
Granular Recycled Concrete 
Little research is available concerning F/T effects on granular concrete.  Crushing 
concrete “exaggerates the leaching potential” (Hillier et al., 1999).  The surface area is 
increased, providing more contact with the leachate, and the structural makeup is altered 
breaking chemical and physical bonds (Hillier et al., 1999). 
 
An assessment of moisture migration in pavement structures has been completed to be 
used in risk assessment associated with waste reuse (Apul et al., 2002).  Granular bases as 
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opposed to impervious bases, which were used until the 1970s, are being used in highway 
applications (Apul et al., 2002).  Hydraulic conductivity for asphalt concrete is important 
when considering leaching behavior of the granular base.  The shape, size, position of air 
void, and type of raw material used in highway applications can affect the hydraulic 
conductivity (Apul et al., 2002). 
 
Moisture enters pavement through cracks when ice melts following a F/T cycle, through 
capillary action, and with changes in the water table (Apul et al., 2002).  As discussed 
previously, the moisture content of concrete is a primary parameter when assessing 
potential F/T effects. 
 
The Ohio Department of Transportation is researching the soundness of granular recycled 
concrete materials for use in roadway applications by determining the degradation of 
weight of material after being subjected to 54, 100, and 160 F/T cycles (Mulligan, 2002).  
Different types (limestone, gravel, and recycled concrete material) and sizes of 
aggregates were examined.  Results indicated most of the degradation occurred within the 
first 54 cycles with the degradation rate decreasing to 3-6% at 160 cycles.  For all sieve 
sizes (#30, #4, ¾”, and 1”), natural aggregates were more durable than recycled concrete 
aggregates based on the weight degradation of each size following F/T cycling.  For 
example, gravel degraded 7% after 54 cycles and 13% after 160 cycles; limestone 
degraded 12% after 54 cycles and 19% after 160 cycles; and recycled concrete material 
degraded 13-19% after 54 cycles and 19-27% after 160 cycles for the #4 sieve size 
material.  (Mulligan, 2002)   
 
Choosing a F/T Method 
Effects from F/T cycling can be dependent on the nature of the freeze/thaw cycling, i.e. 
the duration of the cycles and the minimum and maximum temperatures in the 
environment.  Designing an experimental F/T test depends on several variables including 
the freezing and thawing rate, the minimum and maximum temperatures, and the number 
of F/T cycles.   
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F/T Test Methods 
A summary of various F/T testing methods found in the literature is presented in Table 
2.1.  Current standard test methods for evaluating the durability of monolithic material 
under freezing and thawing include the ASTM C 666 (ASTM, 2002 – Standard Test 
Method for Resistance of Concrete to Rapid Freezing and Thawing) and the ASTM C 
672 (ASTM, 2003 – Standard Test Method for Scaling Resistance of Concrete Surface 
Exposed to Deicing Chemicals).   Current standard test methods for evaluating the 
durability of aggregate during freezing and thawing include the AASHTO T 103 
(AASHTO, 2000), and the brine F/T ITM 209 (ITM, 2001). 
 
ASTM C 666 (ASTM, 2002 - Procedures A and B) is used for testing the resistance of 
concrete to rapid freezing and thawing.  In Method A, the sample is surrounded by a 3-
mm layer of water during the F/T cycles and subjected to high water pressure.  In Method 
B, the samples are frozen in air and thawed in water.  The samples are frozen to 0°F and 
thawed at 40°C during a 3-hour cycle for 300 cycles.  The number of cycles can be 
modified depending on the material being tested.  (ASTM, 2002) 
 
Chatterji, 2004 suggested the ASTM C 666 test may not represent the natural freezing 
behavior of concrete specimen, because in the natural environment the sample is not 
surrounded by water and not subjected to a high water pressure so the rate of saturation 
will be lower, which would increase the actual lifetime of the concrete.  Jacobsen et al., 
1996 introduced the idea that the self-healing process of concrete may increase the frost 
resistance in the field, which does not occur in laboratory experiments that involve F/T 
cycling in water.  F/T cycling in water causes a pumping effect with a higher absorption 
rate than the rate that occurs in nature (Jacobsen, 2004). 
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Table 2.1.  Summary of Experimental F/T Test Methods 
Reference 
Material 
Type 
F/T Cycle 
Duration 
Freezing 
T °C 
Number 
of Cycles 
Freezing 
Apparatus Variable 
Method of 
Characterization Results 
Cai et al., 
1998 
Concrete NA1 -20°C 1 Refrigerator Moisture 
content; 
compressive 
strength 
Conductivity Conductivity was higher 
during freezing than during 
thawing 
Corr et al., 
2003 
Cement 
paste  
Freezing for 24 
hours 
-7°C 1 NA1 NA1 NA1 Significant F/T damage 
occurred in fresh cement 
paste compared to cured 
cement 
Couper, 
2003 
Soil Freezing for 10 
hrs; thawing for 
14 hrs 
-5 to -6°C 28 NA1 Silt-clay 
content 
Length, width, 
and height 
changes 
Moisture loss took place in 
the vertical direction; 
greater degradation occurred 
in samples undergoing F/T 
cycling than wetting/drying 
cycles 
Edwards et 
al., 1986 
Soil Freezing for one 
week 
-12°C 1 2-cm dia. 
leaching 
tubes 
NA1 NA1 Increased in aluminum, 
potassium, and iron greater 
from columns that 
experienced freezing 
Geiker et al., 
2001 
Concrete 
cylinder 
prisms 
NA1 NA1 35 NA1 Air 
entrainment; 
curing time; 
moisture 
content 
Length change F/T cycling combined with 
exposure to salt solution 
increased the rate of 
absorption 
Ghafoori et 
al., 1998 
Concrete 
monolith 
(paving 
blocks) 
ASTM C 666-90 NA1 350, 450, 
800 
F/T machine Moisture 
content 
Failure at 3% 
mass loss 
Frost resistance improved 
with increase in 
cementitious content 
 
                                                 
1 NA: Not Available 
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Table 2.1 (Cont’d). Summary of Experimental F/T Test Methods 
Reference 
Material 
Type 
F/T Cycle 
Duration 
Freezing 
T °C 
Number 
of Cycles 
Freezing 
Apparatus Variable 
Method of 
Characterization Results 
Gokce et al., 
2003 
RAC2 ASTM C 666 NA1 500 F/T machine Air 
entrainment of 
the aggregate 
Change in 
weight; dynamic 
modulus of 
elasticity 
Using non-air entrained 
recycled aggregate in air 
entrained concrete decreases 
the frost resistance 
Hansson et 
al., 2004 
Soil Freezing for 12, 
24, and 50 hours 
 -6°C 1 Cylinders 
with 
circulating 
fluid  
NA1 Water content 
distribution 
 
Jacobsen et 
al., 1996 
Concrete 
beams 
Freezing at 
10°C/hr; thawing 
at 12°C/hr 
 -18°C 60, 70, 
144, 275, 
300 
NA1 Aggregate 
type, moisture 
content 
Resonance 
frequency, 
weight, volume 
changes 
F/T caused increased 
adsorption of water; 
concrete composition 
affected self healing 
Mulligan, 
2002 
Granular RC NA1 NA1 NA1 F/T machine Aggregate 
type  
Weight changes Natural aggregates were 
more frost resistant than 
RCA 
Oztas et al., 
2003 
Soil Freezing for 24 
hrs; thawing for 
24 hrs 
-4°C, -
18°C 
3, 6, 9 Deep-freezer Moisture 
content 
Percentage of 
water-stable 
aggregates 
F/T cycling decreased initial 
aggregate stabilities; 
moisture content influenced 
stability 
Penttala, 
1998 
Concrete 
mortars 
Freezing at 
3°C/hr; thawing 
at 4.4°C/hr 
-70°C 1 Low 
temperature 
calorimeter 
Air 
entrainment 
Strain Air entrained, low strength 
mortar showed no cracking, 
while non-air entrained 
mortar cracked 
Penttala et 
al., 2002 
Concrete 
cylinders 
Freezing at 
3°C/hr; thawing 
at 4.2°C/hr 
 -38°C 3 NA1 NA1 Strain Largest expansion pressures 
from F/T cycling were on 
the surface 
Tikalsky et 
al., 2003 
Preformed 
foam 
cellular 
concrete 
Freezing for 9 
hrs; thawing for 
1.5 hrs 
 -18°C 150 NA1 Density, 
compressive 
strength, 
absorption 
Natural 
frequency, mass 
loss, 
compressive 
strength 
Compressive strength 
changed significantly during 
the F/T cycling 
                                                 
1 NA:  Not Available 
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Table 2.1 (Cont’d). Summary of Experimental F/T Test Methods 
Reference 
Material 
Type 
F/T Cycle 
Duration 
Freezing 
T °C 
Number 
of Cycles 
Freezing 
Apparatus Variable 
Method of 
Characterization Results 
Viklander et 
al., 2000 
Soil Freezing and 
thawing for 3 
days each, 
freezing and 
thawing for 7 
days each 
-5°C, -
10°C 
3, 6, 9 Freezing 
room in 
insulated 
boxes 
Moisture 
content 
Soil temperature, 
volume changes 
Increased in permeability at 
optimum moisture content; 
decreased in permeability at 
6% wet of optimum 
Zaharieva et 
al., 2004 
Recycled 
aggregate 
concrete 
Freezing at 
5°C/hr and 
thawing for 1.5 
hrs  
 -15°C NA1 NA1 Aggregate Length change Moisture content affects the 
frost resistance 
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ASTM C 672 is used to determine the effect of different variables involved in making 
concrete, such as proportioning and curing, on the scaling resistance (ASTM, 2003).  The 
test is conducted on concrete monolith specimen that are cured and then covered on a flat 
surface with 6 mm of calcium chloride and water solution with a concentration of 4 
grams of calcium chloride in 100 mL of solution.  The specimen are then frozen for 16 to 
18 hours at -18 ± 3°C and thawed for 6 to 8 hours at 23 ± 2°C.  The surface is visually 
observed for scaling after 5, 10, 15, and 25 cycles and then after every 25 cycles.  
(ASTM, 2003) 
 
AASHTO T 103 is used to test the soundness of aggregates by immersing samples in a 
salt solution for 24 hours and then freezing samples to -26°C and thawing samples at 
24°C, while maintaining the minimum and maximum temperatures for 15 minutes each.  
During thawing, the thawing tank is filled with a 0.5% methyl alcohol-water solution.  
The test requires completing 25 cycles followed by drying the sample to a constant 
weight at 110±3°C and sieving to determine the particle size distribution for the material 
(AASHTO, 2000).  The brine ITM 209 test is very similar.  The number of F/T cycles, 
duration of F/T cycles, and minimum and maximum temperatures are the same as for the 
AASHTO T 103 test.  The samples are submersed in a 3% solution of sodium chloride 24 
hours before beginning the test and remain in the solution during freezing and thawing.  
The samples are then dried to constant weight and sieved using appropriate sieve sizes 
(ITM, 2001). 
 
Freezing Rate 
The results from a F/T experiment are dependent on the freezing rate used.  If the 
temperature drops quickly, ice lensing in soil may not occur and frost heave is minimal 
(Viklander et al., 2000).  A slow freezing rate allows diffusion of the water in the small 
pores of concrete to cause shrinkage, while a quick freezing rate prevents this diffusion 
and hydraulic pressure causes cracks (Penttala, 1998).  Temperature in the environment 
only drops by a few degrees per hour (Corr et al., 2003).  As the freezing rate increases, 
the corresponding internal hydraulic pressure increases (Cai et al., 1998).  Below -10°C 
the freezing rate of water decreases quickly (Cai et al., 1998). 
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Freezing Temperature 
Freezing temperatures of -20°C have been used over days to months by researchers for 
F/T experiments performed in the laboratory.  According to Grogan et al. (Grogan et al., 
2004), -20°C may not be representative of field conditions.  However, F/T experiments 
performed on soils showed that freezing temperatures ranging from -4°C to -10°C 
maintained for a few hours did not provide any significant changes in soil structure, 
suggesting that lower temperatures may be required in the laboratory for accelerating F/T 
cycling effects (Grogan et al., 2004). 
 
Alternatively, Cai et al., 1998 reported that most deterioration in concrete occurs for 
freezing temperatures between 0°C and -10°C (pore solution in concrete freezes quicker 
above -10°C).  This was demonstrated by study results indicating at -5°C, concrete can 
withstand 133 F/T cycles, while only 12 F/T cycles at -10°C and 7 F/T cycles at -17°C 
(Cai et al., 1998).  Therefore, the drop in the number of F/T cycles concrete can resist 
between the temperatures of -5°C and -10°C is much more significant (121 cycles) than 
the drop between the temperatures of -10°C and -17°C (5 cycles).  This indicates that 
more deterioration occurs above -10°C.  Because the majority of the pore water is in 
larger pores and freezes first (between 0°C and -10°C), more freezing damage is caused 
at these temperatures than at temperatures below -10°C, which freezes only a smaller 
amount of pore solution contained in the smaller pores (Cai et al., 1998). 
 
Number of F/T Cycles 
To determine the number of F/T cycles required to simulate the natural environment, the 
average number of annual F/T cycles in the United States can be considered.  In the 
winter of 1998/1999, the F/T behavior of near-surface soils in the United States was 
studied using a remote sensing algorithm.  According to Zhang et al., 2003, 
approximately 60% of the United States’ soil freezes in the winter season.  Remote 
sensing indicated the number of F/T cycles that occurred during the winter ranged from 
one to more than 11 during the winters of 1997/98 and 1998/99 (Zhang et al., 2003).   
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The Air Force Combat Climatology Center collected weather data for many cities 
throughout the United States between the years of 1967 and 1996 including the average 
number of times per year that the air temperature dropped below freezing and rose above 
freezing regardless of the duration of freezing.  Table 2.2 shows a list of the annual 
average number of F/T cycles that occurred in cities all over the United States during this 
time period (Air Force, 1999).  This data demonstrates the significant variations in the 
number of F/T cycles based on geographical location.  The average number of F/T cycles 
in the United States based on the data is ca. 53 cycles.   
 
Table 2.2.  Annual F/T Cycles in the United States 
Location 
Average Annual 
Number of          
F/T Cycles Location 
Average Annual 
Number of          
F/T Cycles 
    
Birmingham, AL 38 Billings, MT 77 
Phoenix, AZ 1 Lincoln, NE 81 
Little Rock, AR 42 Las Vegas, NV 15 
Fresno, CA 10 Manchester, NH 58 
Denver, CO 105 Newark, NJ 45 
Hartford, CT 75 Albuquerque, NM 91 
Wilmington, DE 56 Albany, NY 69 
Washington, DC 76 Asheville, NC 67 
Gainesville, FL 10 Fargo, ND 62 
Atlanta, GA 30 Cleveland, OH 53 
Boise, ID 78 Tulsa, OK 44 
Champaign, IL 57 Portland, OR 24 
Indianapolis, IN 57 Philadelphia, PA 52 
Cedar Rapids, IA 54 Providence, RI 65 
Wichita, KS 67 Columbia, SC 43 
Lexington, KY 49 Rapid City, SD 102 
Baton Rouge, LA 14 Nashville, TN 45 
Brunswick, ME 75 Dallas, TX 19 
Baltimore, MD 58 Salt Lake City, UT 75 
Worcester, MA 66 Burlington, VT 58 
Detroit City, MI 47 Norfolk, VA 31 
Duluth, MN 57 Seattle, WA 17 
Jackson, MS 32 Milwaukee, WI 53 
Columbia, MO 56 Rock City, WY 104 
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This information should be considered along with previous research on F/T behavior of 
concrete.  As Table 2.1 indicated, many different approaches have been taken to setting 
up an experiment that involves freezing and thawing specimen.  Researchers have 
observed changes in permeability and aggregate stability in soil from F/T cycling with as 
few as 3 cycles with a freezing temperature ranging from -4°C to -18°C (Oztas et al., 
2003; Viklander et al., 2000).  Alternatively, the frost resistance of concrete monoliths is 
sometimes tested with as many as 800 F/T cycles (Ghafoori et al., 1998).  The ASTM C 
666 standard test for rapid F/T requires 300 cycles (ASTM, 2002).  A wide range of 
numbers of F/T cycles is used to evaluate its effects.  When testing cement paste, Corr et 
al., 2003 found significant F/T damage had occurred after one cycle at -7°C.  F/T 
degradation was observed after 28 cycles with a freezing temperature of -5 to -6°C 
(Couper, 2003).  The experiments that involved using a number of cycles in the 100s 
involved using a F/T machine that automatically changes temperatures as opposed to 
manually freezing and thawing samples in a freezer.  Several researchers noticed 
significant effects from F/T cycling from freezing at temperatures between -5°C and        
-10°C for 3-28 F/T cycles (Corr et al., 2003; Couper, 2003; Oztas et al., 2003; Viklander 
et al., 2000). 
 
Duration of F/T Cycles 
The duration of F/T cycles, similar to the number of F/T cycles that occurs, varies 
depending on geographical location.  Zhang et al., 2003 found the duration of a F/T cycle 
varied from less than 20 days to a few months.  The duration of all F/T cycles occurring 
in a certain location during the winter season ranged from one month in the southern 
United States to over nine months in the Rocky Mountains (Zhang et al., 2003). 
 
To accelerate the F/T process, researchers have applied different durations for cycles.  
Researchers testing soil have used the following durations:  freezing for 10 hours and 
thawing for 14 hours (Couper, 2003), freezing for one week (Edwards et al., 1986), 
freezing for 12, 24, and 50 hours (Hansson et al., 2004), and freezing for 24 hours and 
thawing for 24 hours (Oztas et al., 2003).  The duration of a F/T cycle depends on the 
size of the sample, the freezing apparatus, and the minimum temperature.  The rates used 
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for freezing concrete range from 3°C/hour to 10°C/hour and the thawing rates range from 
4°C/hour to 12°C/hour.   
 
Method of Characterization of the Effects of F/T Cycling 
F/T deterioration can be measured in several ways as demonstrated in Table 2.1.  Mass 
loss and length changes are common measurements for soil and concrete monoliths.  
Jacobsen, 2004 listed the following parameters to be observed during F/T experiments:  
moisture transport/uptake, ice formation/freezable water, length change, void 
characteristics, depth of saturation, vapor permeability, relative humidity, and 
temperature distribution.  According to Zaharieva et al., 2004, length change is the best 
method of measurement because it can be used to characterize changes that occur with 
the initiation of the F/T process including internal cracking, whereas the loss of strength 
and weight change characterize more “ultimate” degradation.  The length change can be 
related to the number of F/T cycles as follows: 
L
Ln
n
∆=ε           (6) 
where εn is the relative length change after n number of F/T cycles, ∆Ln is the length 
change of the sample after n cycles, and L is the initial length of the sample (Zaharieva et 
al., 2004).  The frost resistance is the number of F/T cycles at which the relative length 
change is greater than 500 µm/m (Zaharieva et al., 2004). 
 
As stated earlier, conductivity can be used to measure the formation of ice (Cai et al., 
1998).  The conductivity decreases as the conductive pore solution decreases, so the 
conductivity can be measured throughout the F/T process at different temperatures and 
can be related to the amount of frozen pore solution (Cai et al., 1998). 
 
Research Objectives 
The degree of impact to the environment from the use of recycled concrete aggregates is 
not well understood.  Current test methods for evaluating the soundness of aggregates due 
to freezing and thawing are only based upon meeting physical test criteria and do not 
integrate environmental material performance.  Most research performed on evaluating 
29 
the effect of F/T cycling on recycled concrete aggregates is based upon evaluating the 
effect of F/T cycling on the particle size distribution only.   
 
During the design life of the application, materials are exposed to freeze/thaw cycles 
coupled with intermittent infiltration/wetting by precipitation events.  From the literature 
review, it is believed that F/T cycling could have a negative impact on the leaching 
behavior of recycled concrete that may be significant enough to impact the environmental 
acceptability of a proposed application.  Therefore, research is needed to develop a test 
method for assessing the potential impact of freezing and thawing processes on 
constituent leaching from recycled concrete during percolation flow controlled scenarios. 
 
The objective of this research was to determine the effects of F/T cycling on recycled 
concrete aggregates based on flow mechanisms and constituent leaching.   
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CHAPTER III 
 
MATERIALS AND METHODS 
 
Experimental Design 
A laboratory formulated concrete (LFC) was used as a model system to simulate recycled 
concrete aggregates.  The use of a synthetic material allowed for the examination of 
several contaminants (e.g., arsenic, lead) that represent a range of characteristic behavior 
and that are of environmental concern.  The concrete was formed as blocks and then 
crushed to less than 9.5 mm.  Flow-through columns were used to conduct tracer and 
leaching experiments.  Tracer experiments were used to observe flow mechanisms and 
column leaching experiments were used to evaluate leaching behavior of trace metals and 
major material constituents from the granular LFC material after the material experienced 
different numbers of F/T cycles.  The columns were made from PVC pipe and were 4 
inches in diameter and 10 inches long.  Each column was packed with 2.7 kg of LFC 
material using the Proctor compaction method.  Three moisture contents of the packed 
material (7%, 15%, and 29%) were examined.  These included the moisture content of 
the material as is (i.e., 7%) and the moisture content at optimum packing density (i.e., 
29%).  Preliminary tests were conducted to determine the number of F/T cycles and cycle 
times to be used in the project.  The time required to completely freeze and completely 
thaw the material was used to determine the minimum cycle time.  Samples with each of 
the three moisture contents were subjected to 10, 20, and 40 F/T cycles consisting of 8 
hours of freezing at -12°C and 16 hours of thawing at room temperature (20 ± 3°C) and 
compared to a baseline sample (i.e., sample experiencing no freeze/thaw cycles).  
Samples with 29% moisture content were also subjected to “rapid” F/T cycling consisting 
of 2 hours of freezing and 1 hour of thawing to examine if the duration of the cycles had 
any effect on constituent leaching.  At the conclusion of F/T aging of the material in the 
columns, tracer column experiments and column leaching experiments were performed. 
Additionally, a limited number of intermittent flow columns with F/T aging were run on 
both LFC material and actual recycled concrete to simulate field-like conditions.  All 
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tests were run in duplicates.  Tables 3.1 and 3.2 outline the column tests that were run for 
the tracer study and the leaching study. 
 
Table 3.1.  Experimental Design – Tracer Study 
Moisture 
Content Material 
Number of F/T 
Cycles F/T Cycle Time 
0 
10 
20 
7% 
 
LFC 
 
40 
8 hours freezing, 16 hours thawing 
 
0 
10 
20 
15% 
 
LFC 
 
40 
8 hours freezing, 16 hours thawing 
 
0 
10 
20 
29% 
 
LFC 
 
40 
8 hours freezing, 16 hours thawing 
 
 
 
Table 3.2.  Experimental Design – Leaching Study 
Moisture 
Content Material 
Number of F/T 
Cycles F/T Cycle Time 
0 
10 
20 
7% 
 
LFC 
 
40 
8 hours freezing, 16 hours thawing 
 
0 
10 
20 
15% 
 
LFC 
 
40 
8 hours freezing, 16 hours thawing 
 
0 
10 
20 
40 
8 hours freezing, 16 hours thawing 
 
40 2 hours freezing, 1 hour thawing 
29% LFC 
5 8 hours freezing, 16 hours thawing 
followed by leaching for 4 days and 
repeated 
Initial RC* 5 8 hours freezing, 16 hours thawing 
followed by leaching for 4 days and 
repeated 
*RC refers to actual recycled concrete (construction debris material) 
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LFC Formulation and Preparation 
The LFC material was created by mixing metal oxides (arsenic, cadmium, copper, lead, 
and zinc) with cement, sand, and water.  The following formula was used:   
• 36 wt% ordinary Portland cement 
• 49.1% sand 
• 12.7% water 
• 0.29% sodium chloride 
• approximately 0.3 wt% each of arsenic, cadmium, copper, lead, and zinc cations 
 
Sodium chloride was added as a source of tracer ions (Na, Cl) with high and non-pH-
dependent solubility.  The LFC material was prepared as blocks and cured in bulk form at 
room temperature in a humid environment for a minimum of 28 days.  During the curing 
process, an aqueous solution of sodium hydroxide was used as a CO2 scavenger to 
prevent material carbonation.  At the end of the curing period, the LFC material was 
crushed to less than 9.5 mm using a combination of a jaw crusher, compression machine, 
and rock hammer.  The particle size reduction chosen was determined based on two 
criteria:  (1) the size should be representative of the actual size used in the environment 
and (2) the ratio of the inner column diameter to particle size should be no greater than 
10. 
 
Construction Debris 
The construction debris material was composed mainly of concrete blocks and bricks. 
This material was collected from one of the buildings at Vanderbilt University during 
renovation. The material had been exposed to weathering conditions. The material was 
crushed with a hammer and a jaw-crusher to less than 2 mm. The total composition of the 
construction debris material as determined by XRF is provided in Table 3.3 (Lopez, 
2005).  The moisture content of the construction debris material as determined using 
ASTM Method D 2261-80 (ASTM, 1980) was 6.4% (Lopez, 2005).   
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Table 3.3. Total composition of the construction debris material as determined by XRF 
 
Element 
Concentration 
(mg/kg) 
K 5702 
Ca 155560 
Ti 1846 
Fe 12050 
Co 284 
Ni 108 
Cu 60 
Zn 77 
As 47 
Sr 251 
Mo 5 
Rb 54 
Ba 151 
Mo 5 
Ag 29 
 
 
Initial LFC Characterization 
Initial material characterization included:  (i) particle size distribution, (ii) material initial 
moisture content and moisture content at optimum packing density, (iii) acid 
neutralization capacity of the material, and (iv) constituent solubility and release as a 
function of pH and liquid to solid (LS) ratio. 
 
Particle Size Distribution 
The particle size distribution of the crushed LFC material was determined according to 
the ASTM Method C 136 (ASTM, 1996).  The particle size distribution was carried out 
on 2 kg of the LFC material that had been size reduced to less than 9.5 mm.  The 
following sieve sizes were used to complete the distribution:  0.3 mm, 0.495 mm, 1.168 
mm, 2.38 mm, 4.75 mm, 6.68 mm, 8.0 mm, and 9.5 mm. 
 
Initial Material Moisture Content 
The initial moisture content of the crushed concrete was determined according to the 
ASTM Method D 2261-80 (ASTM, 1980).  Three replicates were carried out.  
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Approximately 3 grams of LFC material was used for each replicate.  The LFC was 
placed in the oven at a temperature of 103°C for 48 hours. 
 
Material Moisture Content at Optimum Packing Density 
The material moisture content at optimum packing density was determined following the 
method described in the mass transfer rate in granular materials protocol in Kosson et al., 
2002.  450 grams of the LFC material was compacted in four-inch diameter molds and 
water was added, mixed, and the material was compacted again.  This process was 
repeated several times to develop a curve of the dry density versus the water content.  
The maximum dry density indicates the optimum moisture content at optimum packing 
density. 
 
Batch Leaching Test 
The SR002.1 (Alkalinity, Solubility and Release as a Function of pH) protocol (Kosson 
et al., 2002) was used to determine the acid neutralization capacity of the LFC material 
and the constituent leaching at equilibrium as a function of pH before F/T aging.  Eleven 
points of pH ranging from 3-12 were examined by contacting the material with varying 
equivalents of acid at a liquid to solid (LS) ratio of 10 L/kg.  The test was carried out on 
material that has been size reduced to less than 2 mm.  A contact time of 48 hours was 
used.  The objective of this test was to determine the buffering capacity of the material 
and to examine the leaching behavior of the metals of concern over a broad range of pH 
conditions.  
 
Additionally, the SR003.1 (Solubility and Release as a function of LS ratio) protocol 
(Kosson et al., 2002) was performed on the LFC material before F/T aging.  Five LS 
ratios (10, 5, 2, 1, and 0.5 mL/g of dry material) were examined.  The objective of this 
test was to determine the effect of low LS ratio on liquid-solid partitioning equilibrium 
when the solution phase is controlled by the tested material and to approximate initial 
leachate composition during a monofill application. 
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F/T Cycle Duration and Number of F/T Cycles 
 
F/T Cycle Duration 
The time required to completely freeze and thaw a column filled with water-saturated 
crushed LFC material was determined by measuring the temperature profiles as a 
function of time.  Thermocouples were inserted through holes drilled in the PVC column 
(Figure 3.1).  The column was frozen at -12°C in a temperature controlled deep freezer 
and then thawed at room temperature (20 ± 3°C).  During the freezing period, the 
temperature of the sample was measured at the top, middle, and bottom portions of the 
column approximately every 30 minutes for a total of 8 hours.  This was followed by 
measuring the temperature as the column thawed.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.  Column during freezing 
 
Number of F/T Cycles 
The numbers of F/T cycles used were based on previous research and the average number 
of F/T cycles in a winter season in the United States (Air Force, 1999, Zhang et al., 
2003).  Researchers have used various numbers of F/T cycles ranging from 1 to 800 with 
36 
the duration of a cycle ranging from freezing and thawing within 3 hours to freezing for 
one week.  Most of the available test methods in existing research are based on testing 
either soil or concrete monoliths as opposed to granular concrete.  When numbers of 
cycles used in research were greater than 100, a machine was used to automatically 
freeze and thaw samples instead of manually putting samples in a freezer.   
 
Choosing the number of F/T cycles is difficult due to the variability found in research and 
the variability in climates across the United States.  For instance, degradation has been 
found to occur in soil samples after only 28 cycles (Couper, 2003), but concrete 
monoliths are often tested using 350-800 cycles for effects of varying moisture content or 
air entrainment (Gokce et al., 2003; Ghafoori et. al., 1998).   Viklander et al., 2000 and 
Oztas, et al., 2003 both used 3, 6, and 9 cycles when testing F/T cycling effects on soil 
and found F/T cycling had influenced permeability and aggregate stability, respectively, 
after so few cycles.  Due to the small amount of literature available on F/T effects on 
granular concrete, the effects from different numbers of cycles were difficult to predict.   
Additionally, data reporting the average number of F/T cycles in the United States each 
year varies from 11 to 63 cycles/year with the duration varying from 20 days to a few 
months.   
 
Based on the above information and time constraints of the project, the numbers of F/T 
cycles tested were 10, 20, and 40 F/T cycles.   
 
Column Design 
Transparent PVC columns 4 inches in diameter and 10 inches long were used for the 
study.  Transparent PVC pipes were used for a better visual observation during the 
experiments.  PVC female adapter fittings were glued to one end of the pipe section and 
caps were glued to the opposite end of the pipe with PVC cement and sealed with silicone 
on the outside of the column.  Four-inch PVC plugs were used to cap the top end of the 
pipe and the threads were sealed with Teflon tape.  Holes were drilled into the plugs and 
caps and 3/8” x ¼” splicers were used to connect ¼” tubing to each end of the column.  
37 
Plastic beads occupied empty space between plastic mesh separating the concrete from 
the tubing and the tubing connection. 
 
Tracer Study 
Tracer experiments were conducted to evaluate the effect of F/T aging on infiltration 
patterns and flow mechanisms.  Three moisture contents of the column packed material 
(i.e., 7%, 15%, and 29%) and three levels of F/T aging (i.e., 10, 20, and 40 cycles; a cycle 
being 8 hours of freezing and 16 hours of thawing) were examined.  At the conclusion of 
each respective F/T aging of the column packed material, tracer experiments were 
performed by adding a minimum3 of 400 mg/L of potassium bromide (KBr) to the 
column at a flow rate of ca. 300 mL/d for ca. 6 hours (first injection).  The influent 
solution was then switched to tracer-free deionized (DI) water for approximately 15-20 
days (until the conductivity of the leachate stabilized to a baseline value of 6 mS/cm), 
corresponding to ca. 10 pore volumes.  A second pulse of potassium bromide was then 
performed (second injection) for additional study.  The completion of one column tracer 
study took approximately 40 days.  As a baseline, tracer studies were also performed on 
the non-aged material for comparison.  Duplicates were run for each case. 
 
A picture of the tracer column experiments is shown in Figure 3.2.  During a tracer 
experiment, the potassium bromide solution was pumped vertically up-flow through the 
column and then collected as it came out of the top of the column. 
 
The columns were sampled at the top everyday over a 4-hour period.  At the end of each 
sample collection, leachate pH and conductivity were measured prior to leachate filtration 
through a 0.45 µm pore size polypropylene membrane and preservation as appropriate for 
subsequent chemical analysis.  Tracer recovery was calculated based on the residence 
time distribution of bromide exiting the columns.  
                                                 
3 400 mg/L of KBr resulted in bromide breakthrough concentration measured by ion chromatography that 
were below the method detection limit of 0.4 mg/L. Concentrations of 400 mg/L, 2g/L, 50g/L, and 100g/L 
were used during the study to improve the bromide recovery that remained persistently very low. 
38 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.  Tracer and leaching column experiments performed on the LFC material 
 
Column Leaching Study 
Saturated column experiments (Lopez et al., 2001) were conducted to examine the effect 
of F/T cycles on constituent leaching.  Three moisture contents of the column packed 
material (i.e., 7%, 15%, and 29%) and three levels of F/T aging (i.e., 10, 20, and 40 
cycles; a cycle being 8 hours of freezing and 16 hours of thawing) were examined.  In 
addition, “rapid” F/T cycling was applied to column packed material with 29% moisture 
content with a cycle consisting of freezing for 2 hours and thawing for 1 hour during the 
day for a total of 40 cycles and freezing during the night.  At the conclusion of each 
respective F/T aging of the column packed material, the saturated column experiments 
were performed using DI water.  Duplicates were run for each column.  The columns 
were run up-flow to ensure saturation.  An average flow rate of approximately 300 mL/d 
was used.  The leaching extracts were collected over a sample period of 8 hours at the top 
of the column every time an LS ratio (based on total volume passed through the column) 
of 0.1, 0.2, 0.5, 1, 2, 5, 8 and 10 L/kg of dry material was achieved.  The columns took 
approximately 3 months to reach an LS ratio of 10 L/kg. A picture of the column 
leaching experiments is shown in Figure 3.2.   
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Additionally, intermittent flow columns with F/T aging were run on both LFC material 
and actual recycled concrete (construction debris) by subjecting the columns to 1 cycle (8 
hours of freezing and 16 hours of thawing) and then leaching until collection of 4 
consecutive samples, corresponding to 1 pore volume.  This was repeated until the 
columns reached an LS ratio of 1 L/kg. 
 
For each leachate sample collected, pH and conductivity were measured prior to leachate 
filtration through a 0.45 mm pore size polypropylene membrane and preservation as 
appropriate for chemical analysis. 
 
Sample Identification 
The sample identification provides the type of test, the type of material, the moisture 
content, the number of F/T cycles, the replicate number, and the sample number.   
 
An example is as follows:   
 
           T – LFC - 07%00d -  A -  1. 
 
 Sample number 
 Replicate (A or B) 
 Number of F/T cycles (00d, 10d, 20d, or 40d) 
 Moisture content (07%, 15%, or 29%) --  
 INT indicates the intermittent F/T test and RAP 
indicates rapid F/T cycling 
LFC indicates laboratory formulated concrete and 
RC indicates actual recycled concrete 
T indicates a tracer test and L indicates a leaching 
test 
 
 
Analytical Methods 
 
pH 
The pH of the leachate samples was measured using a Corning pH/ion meter 450 accurate 
to 0.1 pH units.  The pH was measured using a combined pH electrode, which was 
calibrated using a 3-point calibration with pH buffer solutions. 
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Conductivity 
The conductivity of the leachate samples was measured using a Accumet AR20 
pH/conductivity meter with a standard conductivity probe.  The probe was calibrated 
using a standard conductivity solution for the appropriate range of conductivity.  The 
units of conductivity are in mS/cm.  Conductivity meters are typically accurate to ±1% 
with a precision of ±1%. 
 
Metals 
Metals were analyzed using inductively coupled plasma-mass spectrometry (ICP-MS).  A 
Perkin Elmer model ELAN DRC II was used.  Nine-point standard curves were used for 
an analytical range between approximately 0.1 µg/L and 500 µg/L.  Samples for analysis 
were diluted gravimetrically to within the targeted analytical range using 2 % by volume 
Optima grade nitric acid.  20 mL of internal standard was added to every sample.  Quality 
assurance and quality control were conducted by running the two replicates of each 
sample followed by a spike of one of the replicates.  A spike recovery between 80% and 
120% was considered acceptable and all other samples were rerun to achieve a better 
recovery.  Table 3.4 provides the detection limits for ICP-MS analysis. 
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Table 3.4.  Detection limits for ICP-MS analysis (µg/L) 
Analyte MDL ML
Al 0.96 4
As 0.64 3
Ba 0.55 2
Ca 1.02 4
Cd 0.15 1
Co 0.41 2
Cr 0.38 2
Cu 0.70 3
Fe 0.94 4
K 1.29 5
Mg 0.51 2
Mn 0.34 1
Na 0.69 3
Ni 0.73 3
Pb 0.23 1
Se 0.52 2
Sr 0.36 1
V 0.29 1
Zn 0.92 4  
MDL: Method Detection Limit 
ML: Minimum level of quantification 
 
Ions 
Anions were analyzed using a DX-600 ion chromatograph.  The instrument was 
calibrated with Dionex Five Anion Standard and an independent standard (SPEX 
Certiprep).  The detection limits for IC analysis are shown in Table 3.5. 
 
Table 3.5.  Detection limits for IC analysis (mg/L) 
Analyte DL MDL 
Fluoride 0.02 0.1 
Chloride 0.02 0.2 
Nitrite 0.09 0.2 
Bromide 0.02 0.4 
Nitrate 0.03 0.2 
Phosphate 0.09 0.6 
Sulfate 0.13 0.2 
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Ten samples were run, followed by a duplicate of the 10th sample and a spike of the 10th 
sample for QA/QC.  A reference material other than the standard was also run after every 
group of 10 samples to ensure ion recognition. 
 
Data Presentation and Analysis 
The acid neutralization behavior of the material was evaluated by plotting the pH of each 
extract as a function of equivalents of acid added per gram of dry material.  
Concentration of constituents of concern from each extract was plotted as a function of 
extract final pH to provide liquid-solid partitioning equilibrium as a function of pH.  
Leachate concentration from the SR003.1 was plotted as a function of LS ratio.  
Comparison was made with results from saturated columns.  
 
The data from the tracer study is presented as plots of bromide concentration versus time 
and plots of bromide recovered as a function of time.  The concentrations and total 
percentage of sodium and chloride recovered were also plotted as a function of time to be 
examined as internal tracers.  Conductivity values were plotted versus time.   
 
Leachate pH and conductivity were plotted as a function of LS ratio.  Leachate 
concentration of major material constituents (calcium, potassium, sodium, chloride, and 
sulfate) and metals (i.e., arsenic, cadmium, copper, lead, and zinc) from the column 
leaching experiments were plotted as a function of pH and as a function of LS ratio.  The 
concentrations as a function of the LS ratio are presented in Appendix E.  The cumulative 
mass of each element released as a function of LS ratio was also compiled.  Leachate 
concentration from the SR002.1 and SR003.1 procedures was plotted as a function of pH 
and LS ratio, respectively, and compared with that obtained from column experiments. 
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CHAPTER IV 
 
RESULTS 
 
Initial Characterization 
 
Particle Size Distribution 
Particle size distribution of the crushed concrete is presented in Figure 4.1.  More than 
72% of the crushed material had a particle size less than 6.68 mm, while 28% of the 
crushed material has a particle size between 6.68 mm and 9.25 mm. 
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Figure 4.1.  Particle size distribution of the crushed LFC material 
 
Initial Material Moisture Content 
The initial moisture content of the crushed concrete was 6.80% ± 0.03.   
 
Material Moisture Content at Optimum Packing Density 
The curve of the dry density versus the water content, expressed as a percent of the dry 
mass of material, is shown in Figure 4.2.  This curve is parabolic and the maximum 
indicates the optimum water content.  An optimum moisture content of 29.01% (total 
mass of water (g)/mass of concrete dry (g)) was obtained.   
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Figure 4.2.  Dry Density Curve – Crushed LFC material 
 
Based on the moisture content at optimum packing density, the following three moisture 
contents were chosen to examine the effect of F/T exposures:  7% (i.e., moisture content 
of the material as is), 15%, and 29% based on the total mass of water/mass of concrete 
dry. 
 
Batch Leaching Test 
The acid neutralization capacity curve (Figure 4.3) exhibited a decrease in pH from the 
natural pH of 12.4 to pH 10 over a range of ca. 5 mEq acid/g dry material.  At this point, 
a steeper decrease was observed with a pH less than 4 obtained for an acid addition of 7 
mEq/g of dry material.  A decrease in LS ratio resulted in an increase in pH from 12.5 
(LS 10 L/kg) to pH 13.28 (LS 0.5 L/kg), as shown in Figure 4.4.  Overall, good pH 
replication was obtained for both tests.  
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Figure 4.3.  Acid neutralization capacity curve of the non-aged LFC material  
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Figure 4.4  pH as a function of LS ratio for the non-aged LFC material 
 
Determination of the F/T Cycle Time 
The time required to completely freeze and thaw a column filled with water-saturated 
crushed LFC material was determined by measuring the temperature profiles as a 
function of time.  Thermocouples were inserted through holes drilled in the PVC column. 
The column was frozen at -13°C in a temperature controlled deep freezer and then 
thawed at room temperature (20 ± 3°C).  During the freezing period, the temperature of 
the sample was measured at the top, middle, and bottom portions of the column 
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approximately every 30 minutes for a total of 8 hours.  This was followed by measuring 
the temperature as the column thawed.  The results of this test are shown in Figure 4.5.  
All portions of the test column reached a temperature below 0°C within 4 hours of 
freezing.  During thawing, the top, middle, and bottom portions of the column reached a 
temperature above 0°C within 4.5 hours.  From these results, the following F/T cycle 
times were chosen: the columns were frozen for 8 hours and allowed to thaw overnight 
for 16 hours to ensure complete freezing and thawing. 
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Figure 4.5.  A) Freezing and B) thawing behavior of crushed LFC material packed in 
columns 
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Effect of F/T Cycling on Flow Patterns 
F/T cycling may have an effect on the flow patterns through the columns, such as 
creating preferential flow or consolidation of fine particles.  Bromide was injected into 
the columns immediately following the F/T cycles as a solution of potassium bromide to 
examine the flow patterns in columns and any changes in flow as a result of F/T cycling.  
The conductivity of the leachate from columns that were aged with F/T cycling is 
presented in Figure 4.7.  Bromide breakthrough curves and percentage of bromide 
recovered as a function of time are shown in Figures 4.8 to 4.11.  In addition, chloride 
and sodium4 were examined as internal tracers.  Results are presented in Figures 4.12 and 
4.13. 
 
Flow Considerations 
For each column, the flow rate was monitored based on the volume of leachate exiting 
the column.  All flow rate data are provided in Appendix B.  Significant variation in the 
flow rate was obtained during the tracer experiments, in part due to fluctuations of the 
pump.  Based on a flow rate of ca. 300 mL/day and a porosity of the packed material of 
ca. 40%5, a hydraulic residence time (HRT) of 3.2 days was estimated for the columns. 
 
The time of the initial column effluent is a function of the initial moisture content of the 
column, any consolidation that may have occurred as a result of F/T cycling, and any 
leaking that may have occurred during the hook-up of the column or during the first few 
days of the experiment.  As shown in Table 4.1, the columns packed at 29% moisture 
content showed, as expected, appearance of the effluent immediately after the column 
was started (cases for which no leaking occurred).  The columns packed at 7% and 15% 
moisture content showed appearance of the effluent within 3 to 7 days of the start of the 
columns.  In all cases, the columns that were aged with 10 F/T cycles showed earlier 
appearance of the effluent than the baseline, 20, and 40 F/T cycle aged columns.   
 
 
                                                 
4 Sodium results are from the column leaching study (see section titled Effect of F/T Cycling on 
Constituent Leaching). No preserved samples from the tracer studies were available for analysis. 
5 As estimated based on the optimum moisture content and a material density of ca. 1.4 g/cm3. 
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Table 4.1.  Time of initial effluent from tracer columns 
Moisture 
Content # F/T Cycles Replicate 
Time of First 
Effluent (d) 
A 8.0 0 
B 5.8 
A 2.0 10 
B 2.9 
A 6.0 20 
B 6.0 
A 7.0 
7% 
40 
B 6.0 
A 3.4 0 
B  NA 
A 2.0 10 
B NA 
A NA 20 
B NA 
A 6.0 
15% 
40 
B NA 
A 2.0 0 
B 2.0 
A 0.96 10 
B 4.9 
A 3.0 20 
B 1.8 
A 1.5 
29% 
40 
B NA 
*NA:  Not available 
 
Additionally, examination of the cross section of the packed material immediately after 
F/T aging showed consolidation of the fine material due to freezing and thawing action, 
resulting in a material that was monolithic in nature.  Figure 4.6 shows the LFC material 
after 10 F/T cycles.  “Self healing” can occur in concrete from expansion and contraction 
during F/T cycling when fine particles fill voids (Jacobsen et al., 1996).  About 17% of 
the LFC material was less than 500 µm in diameter. 
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Figure 4.6.  LFC material in column that experienced 10 F/T cycles 
 
Leachate Conductivity as a Function of Time 
The conductivity of the leachate samples from columns that experienced 0, 10, 20, and 40 
F/T cycles is presented in Figure 4.7.   
 
Leachate Conductivity for Tracer Columns (Figure 4.6) 
• In general, the columns showed good replication. 
• The behavior of the leachate conductivity was similar for all columns with values 
decreasing exponentially and leveling off at a value of ca. 6 mS/cm. 
• No significant difference in the leachate conductivity as a function of time was 
overall observed for the baseline, 20, and 40 F/T cycle aged columns. 
• In all cases, the leachate conductivity of the 10 F/T cycle aged columns was 
shifted in time, coincident with the earlier appearance of the effluent. 
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Figure 4.7.  Leachate conductivity from the tracer columns of the LFC material at A) 7% 
moisture content, B) 15% moisture content, and C) 29% moisture content 
 
Bromide Breakthrough 
The plots of bromide concentration as a function of time are presented in Figures 4.8 to 
4.10.  Two injections of tracer performed at two different times are shown on the graphs 
and are separated by a vertical line where (1) indicates the first injection and (2) indicates 
the second injection.  A minimum6 of 400 mg/L of potassium bromide (KBr) was 
injected into the column at a flow rate of ca. 300 mL/d for ca. 6 hours for each injection.  
                                                 
6 400 mg/L of KBr resulted in bromide breakthrough concentration measured by ion chromatography that 
were below the method detection limit of 0.4 mg/L. Concentrations of 400 mg/L, 3 g/L, 50 g/L, and 100 
g/L were used during the study to improve the bromide recovery that remained persistently very low. 
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The influent solution was then switched to deionized water for approximately 15 days. 
The method detection limit (MDL) for bromide, 0.4 mg/L, is also indicated on the graphs. 
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Figure 4.8.  Bromide breakthrough curves for columns packed at 7% moisture content. A) 
0 F/T cycles, B) 10 F/T cycles, C) 20 F/T cycles, and D) 40 F/T cycles 
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Figure 4.9.  Bromide breakthrough curves for columns packed at 15% moisture content.  
A) 0 F/T cycles, B) 10 F/T cycles, C) 20 F/T cycles, and D) 40 F/T cycles 
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Figure 4.10.  Bromide breakthrough curves for columns packed at 29% moisture content. 
A) 0 F/T cycles, B) 10 F/T cycles, C) 20 F/T cycles, and D) 40 F/T cycles 
 
 
Bromide Breakthrough Curves (Figures 4.8 to 4.10) 
• Bromide breakthrough curves exhibited the classic behavior of plug flow with 
dispersion.  Bromide breakthrough curves were similar for all columns with 
concentration of bromide decreasing as a function of time over a 20 day period 
following injection. 
• Independent of the amount of bromide injected, initial bromide concentration was 
significantly lower (by as much as one order of magnitude) than the bromide 
concentration injected. 
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• For most cases, the second injection of bromide resulted in lower leachate 
concentration of bromide than the first injection. 
 
Figure 4.11 shows the percentage of bromide recovered as a function of time for the first 
injection (mass of bromide recovered/mass of bromide injected *100). 
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Figure 4.11.  Percentage of bromide recovered as function of time for columns packed at 
A) 7% moisture content, B) 15% moisture content, and C) 29% moisture content 
 
For all columns and independent of the amount of bromide injected, a low recovery of 
bromide was obtained (less than 65%), indicating that potassium bromide was not a 
conservative tracer for the LFC material.  Different dynamics in bromide recovery were 
observed for the different levels of F/T aging and moisture content.  For the columns 
packed at 7% moisture content, a greater variability in the percentage of bromide 
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recovered was observed between the different levels of F/T aging and within replicates 
compared to the columns packed at 15% and 29% moisture content. 
 
Columns F/T Aged at 7% Moisture Content (Figure 4.11A) 
The total percentage of bromide recovered after ca. 20 days was lowest for the baseline 
columns (12%) and highest for the 20 F/T cycle aged columns (43%). 
 
Columns F/T Aged at 15% Moisture Content (Figure 4.11B) 
No difference in the percentage of bromide recovered from the baseline columns and the 
40 F/T cycle aged column was observed.  The percentage of bromide recovered from the 
10 F/T cycle aged column reached its maximum value quicker than the other columns 
and was slightly greater (39% after 22 days) than that observed from the baseline 
columns (32% after 29 days). 
 
Columns F/T Aged at 29% Moisture Content (Figure 4.11C) 
The replication was not good for the baseline columns.  For the 40 F/T cycle aged 
columns, the amount of bromide recovered (22%) over the duration of the experiment 
was obtained immediately.  The total percentage of bromide recovered was higher for the 
10 F/T cycle aged columns compared to the other columns.  The total percentage of 
bromide recovered was ca. 20% for the baseline (based only on the lowest replicate), the 
20 F/T, and the 40 F/T cycle aged columns, while ca. 36% for the 10 F/T cycles aged 
columns. 
 
Internal Tracers 
Sodium and chloride were examined as internal tracers. Sodium and chloride were added 
to the LFC material as sodium chloride (0.29%) as a source of highly soluble species and 
were expected to have minimal interaction with the cement based material and therefore 
be a good indication of changes in the flow mechanisms. The percentage of sodium and 
chloride recovered as a function of time is presented in Figures 4.12 and 4.13, 
respectively.  As with bromide, different dynamics in the recovery of sodium and 
chloride were observed for the different levels of F/T aging and moisture content. 
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Figure 4.12.  Percentage of sodium recovered as a function of time for the columns 
packed at A) 7% moisture content, B) 15% moisture content, and C) 29% moisture 
content 
 
Percentage of sodium recovered (Figure 4.12) 
• A slower recovery of sodium was obtained for the 20 and 40 F/T cycle aged 
columns packed at 15% moisture content compared to the baseline columns. 
• For the columns packed at 15% moisture content, ca. 100% of sodium was 
recovered for the baseline columns after 30 days, while ca. 90% of sodium was 
recovered for the 20 F/T cycle aged columns and ca. 80% for the 40 F/T cycle 
aged columns. 
• For the columns packed at 29% moisture content, ca. 100% of sodium was 
recovered for the baseline columns after 10 days, while ca. 60% of sodium was 
recovered for the 20 F/T cycle aged columns. 
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Figure 4.13.  Percentage of chloride recovered as a function of time for the columns 
packed at A) 7% moisture content, B) 15% moisture content, and C) 29% moisture 
content 
 
Percentage of chloride recovered (Figure 4.13) 
• A plateau in the percentage of chloride recovered was observed after 40 days for 
all cases and was less than 40 % of the chloride added to the LFC recipe. 
• The total percentage of chloride recovered was overall lower for the columns 
packed at 7% moisture content (20-30% of chloride was recovered) compared to 
the columns packed at 15% and 29% moisture contents (28-40% is recovered). 
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• The baseline columns packed at 15% moisture content showed a much greater 
percentage of chloride recovered after 20 days (ca. 34%) than that from the 
baseline columns packed at 7% and 29% (ca. 16% and ca. 24%, respectively). 
• For the columns packed at 7% moisture content, the 40 F/T cycle aged columns 
showed a much lower percentage of chloride recovered initially (ca. 0.1% at 7 
days) than that from the other columns (2%, 14%, and 3% for the baseline, 10, 
and 20 F/T cycle aged columns at 7 days, respectively).  However, no significant 
effect of F/T aging in the total percentage of chloride recovered after 30 days 
could be observed (ca. 26% , ca. 24%, and ca. 21% for the 0, 10, and 20 F/T 
cycle aged columns, respectively). 
• For the columns packed at 15% moisture content, a much lower percentage of 
chloride was recovered after 35 days from the 10 F/T cycle aged columns than 
from the baseline columns (ca. 28% vs. ca. 41%).  The 40 F/T cycle aged 
columns seemed to have an initial release of chloride overall lower than that of 
the baseline and 10 F/T cycle aged columns. 
• For the columns packed at 29% moisture content, differences in the time required 
to recover chloride were observed for the different levels of F/T aging.  After 10 
days, a greater percentage of chloride was recovered from the 20 F/T cycle aged 
columns (ca. 39%) compared to that recovered from the 10 F/T cycle aged 
columns after 25 days (ca. 31%) and that recovered from the baseline columns 
after 35 days (ca. 26%). 
 
Conclusions 
Significant variation in the flow rate was obtained during the tracer experiments, in part 
due to fluctuations of the pump but also a function of consolidation that may have 
occurred during F/T cycling.  The effluent from the 10 F/T cycle aged columns appeared 
before the effluent from the baseline, 20, and 40 F/T cycle aged columns.  This may be 
due to variation in the pump flow rate and/or to the presence of macropores within the 
column creating preferential flow.   
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The bromide was not a conservative tracer for monitoring flow through the LFC material.   
The maximum percent recovered was 65%.  Different dynamics in bromide recovery 
were observed between the different levels of F/T aging and moisture content.  
Additionally, the columns packed at 7% moisture content showed a lot of variability in 
the total percentage of bromide recovered.  However, no clear tendency of the effects of 
F/T cycling could be observed from the bromide experiments.     
 
Internal tracers (sodium and chloride) seemed to provide more insight to the effect of F/T 
cycling on flow patterns.  Overall, a slower dynamic of both sodium and chloride release 
was observed for the 20 F/T and 40 F/T cycle aged columns compared to the baseline and 
10 F/T cycle aged columns. 
 
Effect of F/T Cycling on Constituent Leaching 
Results presented in this section aim to determine the effect of the number of F/T cycles 
and of the material moisture content at the time of  F/T aging on the constituent release 
from simulated recycled concrete (LFC material) during a percolation controlled 
scenario.  Each leaching column was run for a minimum cumulative leaching time of 
approximately 1 1/2 months, which corresponds to an LS ratio of 5 L/kg.  In some cases, 
leaching times were extended up to an equivalent LS ratio of 10 L/kg (3 months).  
Results of pH, conductivity, and leaching of primary material constituents (i.e., calcium, 
sodium, potassium, chloride, and sulfate) and trace metals (i.e., arsenic, cadmium, 
copper, lead, and zinc) are presented in Figures 4.14 through 4.30.  All raw data are 
provided in Appendix C. 
 
Leachate pH and Conductivity as a Function of LS Ratio 
The leachate pH and conductivity as a function of LS ratio from column testing of the 
LFC material after the material was F/T aged at 7%, 15%, and 29% initial moisture 
content, are shown in Figures 4.14 and 4.15, respectively.  Figures A, B, and C show 
results obtained for the baseline (i.e., material that did not experience F/T cycling), 10, 
20, and 40 F/T cycle aged material for the columns with 7%, 15%, and 29% moisture 
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content, respectively.  The leachate pH obtained from the batch experiment (SR003 
procedure) is shown for comparison. 
 
In general, the pH of the leachate varied from 11.5 to 13.5 and was controlled by the 
release of calcium hydroxide at each respective LS ratio. 
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Figure 4.14.  Leachate pH from the leaching columns of the LFC material for A) 7% 
moisture content, B)15% moisture content, and C) 29% moisture content 
 
Leachate pH (Figure 4.14) 
• A good reproducibility in the leachate pH was overall observed for all cases. 
• The behavior of the leachate pH was similar for all cases with a slow decrease as 
the LS ratio increased (by as much as 2 pH units at an LS ratio of 10 L/kg). 
• Leachate pH from column experiments was lower than that from batch 
experiments (i.e., SR003). The difference in pH between column and batch testing 
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was more pronounced as the LS ratio increased (as much as 1 pH unit at the LS of 
5 L/kg), except for the baseline columns packed at 29% moisture content for 
which a good agreement between batch and column testing was observed. 
• Leachate pH was not significantly affected by F/T aging and initial moisture 
content at the time of F/T aging.  
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Figure 4.15.  Leachate conductivity from the leaching columns of the LFC material at 
A)7% moisture content, B) 15% moisture content, and C) 29% moisture content 
 
Leachate conductivity (Figure 4.15) 
• For all cases, leachate conductivity decreased rapidly as LS ratio increased to 2 
L/kg due to depletion of the soluble species (i.e., salts) and reached a plateau 
thereafter around a value of 6 mS/cm. 
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• For LS ratios less than 0.2 L/kg, variability in leachate conductivity could be 
observed between the different levels of F/T aging and within replicates. This was 
more pronounced for the columns packed at 7% and 15 % moisture content. 
However, no clear tendency resulting from F/T aging could be observed. 
 
 
Leaching of Primary Material Constituents 
The cumulative release of calcium, sodium, potassium, chloride, and sulfate as a function 
of LS ratio from column testing of the LFC material, which was F/T aged at 7%, 15%, 
and 29% initial moisture content, is presented in Figures 4.16 through 4.20.  Each graph 
shows a comparison of the cumulative release of the constituent of concern at each 
moisture content examined for the different levels of F/T aging (i.e., 0, 10, 20, and 40 F/T 
cycles).  Results from batch experiments (SR003 procedure) obtained on the non-aged 
LFC material (i.e., material that did not experience F/T aging) are also shown for 
comparison.  Complete sets of graphs of the leachate concentrations as a function of LS 
ratio are presented in Appendix E.  
 
Leaching Behavior of Calcium 
The cumulative release of calcium as a function of LS ratio from columns and batch 
testing is presented in Figure 4.16.  The total mass of calcium that has been released at 
the LS ratio of 5 L/kg is summarized in Table 4.2 for all cases. 
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Figure 4.16.  Cumulative release of calcium as a function of LS ratio for the 0, 10, 20, 
and 40 F/T cycle aged materials. F/T cycling at A) 7% moisture content, B) 15 % 
moisture content, and C) 29 % moisture content. 
 
Table 4.2.  Calcium cumulative mass release (mg/kg) at LS 5 L/kg for column testing of 
the LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 7171 3931 4132 4070 4022 3876 
10 F/T cycles 2938 1388(2) NA 3586 2785 2583 
20 F/T cycles 1186(3) 198(4) 1807(1) NA 1233(2) 3055 
40 F/T cycles 2893 2805 6768 4004 4462 4320 
 (1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
 (2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
 (3) LS ratio of ca. 2.0 L/kg - Results not available at an LS ratio of 5 L/kg. 
 (4) LS ratio of ca. 0.6 L/kg – Results not available at an LS ratio of 5 L/kg.  
NA:  Not Available (column leaked) 
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Columns F/T aged at 7% moisture content (Figure 4.16A) 
• On a cumulative mass basis, calcium release from batch testing was overall in 
good agreement with that from column testing. 
• For LS ratios less than 1 L/kg, a lower cumulative release of calcium was 
observed for the 40 F/T cycle aged columns compared to the baseline columns 
and the 10 and 20 F/T cycle aged columns (by as much as ca. 4 times lower).  
 
Columns F/T aged at 15% moisture content (Figure 4.16B) 
• On a cumulative mass basis, calcium release from batch testing at the LS ratios of 
0.5, 1, and 2 L/kg was slightly lower (as much as 2.5 times lower) than that from 
column testing of the baseline and 10 F/T cycle aged materials at the same LS 
ratios. 
• For LS ratios less than 2 L/kg, the cumulative release of calcium from the 20 and 
40 F/T cycle aged columns was overall lower than that from the baseline and 10 
F/T cycle aged columns (by as much as ca. 2 times lower).  However, no 
significant difference in the cumulative release of calcium could be observed 
between the baseline columns and the 10 F/T cycle aged columns over the entire 
range of LS ratios examined. 
 
Columns F/T aged at 29% moisture content (Figure 4.16C) 
• On a cumulative mass basis, calcium release from batch testing was in good 
agreement with that from column testing. 
• No significant difference in the cumulative release of calcium could be observed 
between the different levels of F/T aging for the columns packed at 29% moisture 
content. 
 
Conclusions 
A lower release of calcium was overall observed for the columns packed at 7% and 15% 
moisture content that underwent 40 F/T cycles (by as much as 4 times).  This was more 
pronounced for LS ratios less than 2 L/kg. 
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Leaching Behavior of Sodium 
 
The cumulative release of sodium as a function of LS ratio from columns and batch 
testing is presented in Figure 4.17.  The total mass and percentage of sodium that have 
been released at the LS ratio of 5 L/kg is summarized in Table 4.3 for all cases.  This 
percentage was calculated based only on the amount of sodium chloride that was added to 
the LFC recipe as a source of tracer ions (i.e., 0.29% sodium chloride). 
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Figure 4.17.  Cumulative release of sodium as a function of LS ratio for the 0, 10, 20, and 
40 F/T cycle aged materials. F/T cycling at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Table 4.3. Sodium cumulative mass release (mg/kg) at LS 5 L/kg for column testing of 
the LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 1538 
(135%) 
1307 
(91%) 
1403 
(124%) 
1243 
(109%) 
1288 
(113%) 
1197 
(105%) 
10 F/T cycles 1529 
(135%) 
1501(2) 
(132%) 
NA 1704 
(150%) 
1454 
(128%) 
2262 
(199%) 
20 F/T cycles 1124(3) 
(109%) 
1277(4) 
(172%) 
1142.8(1) 
(101%) 
NA 1352(3) 
(120%) 
1560 
(137%) 
40 F/T cycles 1239.5 
(109%) 
1150.2 
(101%) 
1056.4 
(93%) 
960.1 
(85%) 
1253.3 
(110%) 
1208.9 
(106%) 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
(3) LS ratio of ca. 2.0 L/kg - Results not available at an LS ratio of 5 L/kg. 
(4) LS ratio of ca. 1.0 L/kg – Results not available at an LS ratio of 5 L/kg.  
NA:  Not Available (column leaked) 
 
 
For all cases, sodium concentrations in leachate from column testing were lower than that 
from batch testing at similar LS ratios (see Appendix E).  The difference was more 
pronounced at greater LS ratios (as much as ca. 50 times lower at the LS of 10 L/kg).  
This result was consistent with sodium depletion occurring during column testing as LS 
ratio increased, which was not the case during batch testing.  However, on a cumulative 
mass basis, batch testing was in good agreement with column testing. 
 
For all cases, the cumulative release of sodium reached a plateau for an LS ratio of ca. 2 
L/kg.  This plateau was around ca. 1200 mg/kg, ca. 1160 mg/kg, and ca. 1220 mg/kg for 
the columns packed at 7%, 15%, and 29%, respectively and corresponded to the total 
content in sodium added during the material preparation (1136 mg/kg). 
 
Columns F/T aged at 7% moisture content (Figure 4.17A) 
• The release of sodium from the 40 F/T cycle aged columns was overall lower than 
that from the baseline columns and the 10 and 20 F/T cycle aged columns.  At the 
LS ratio of 5 L/kg, the cumulative release of sodium was ca. 1195 mg/kg for the 
40 F/T cycles aged columns, while ca. 1630 mg/kg, ca. 1515 mg/kg, ca. 1595 
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mg/kg for the baseline columns and the 10 and 20 F/T cycle aged columns, 
respectively.  
Columns F/T aged at 15% moisture content (Figure 4.17B) 
• The release of sodium from the 40 F/T cycle aged columns was overall lower than 
that from the baseline columns and the 10 and 20 F/T cycle aged columns. At the 
LS ratio of 5 L/kg, the cumulative release of sodium was ca. 1060 mg/kg for the 
40 F/T cycle aged columns, while ca. 1320 mg/kg and ca. 1700 mg/kg for the 
baseline and 10 F/T cycle aged columns, respectively. 
 
Columns F/T aged at 29% moisture content (Figure 4.17C) 
• No significant difference in the cumulative release of sodium could be observed 
between the different levels of F/T aging for the columns packed at 29% moisture 
content. 
 
Conclusions 
As with calcium release, a lower release of sodium was overall observed for the columns 
packed at 7% and 15% moisture content that underwent 40 F/T cycles.  
 
Leaching Behavior of Potassium 
The cumulative release of potassium as a function of LS ratio from columns and batch 
testing is presented in Figure 4.18.  The total mass of potassium that has been released at 
the LS ratio of 5 L/kg is summarized in Table 4.4 for all cases. 
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Figure 4.18.  Cumulative release of potassium as a function of LS ratio for the 0, 10, 20, 
and 40 F/T cycle aged materials. F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
 
 
Table 4.4.  Potassium cumulative mass release (mg/kg) at LS 5 L/kg for column testing 
of the LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 2743 1956 2984 2639 2397 2227 
10 F/T cycles 3176 2928(2) NA 3408 2945 4264 
20 F/T cycles 2165(3) 2448(4) 2169(1) NA 2640(3)  3266 
40 F/T cycles 2249 2096 1777 1808 2382 2285 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
(3) LS ratio of ca. 2.0 L/kg - Results not available at an LS ratio of 5 L/kg. 
(4) LS ratio of ca. 1.0 L/kg – Results not available at an LS ratio of 5 L/kg.  
NA:  Not Available (column leaked) 
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A good replication was obtained for all cases examined.  Potassium concentrations in 
leachate were lower than that from batch testing (see Appendix E) for all cases.  As with 
sodium, the difference was more pronounced at greater LS ratios (as much as ca. 3 times 
lower at the LS of 10 L/kg).  This was consistent with depletion of potassium during 
column testing as LS increased, which was not the case during batch testing.  However, 
on a cumulative mass basis, batch testing was overall in good agreement with column 
testing. 
 
For all cases, the cumulative release of potassium reached a plateau for an LS ratio of ca. 
2 L/kg.  This plateau was around ca. 2200 mg/kg, ca. 2100 mg/kg, and ca. 2240 mg/kg 
for the columns packed at 7%, 15%, and 29%, respectively. 
 
Columns F/T aged at 7% moisture content (Figure 4.18A) 
• Variability in the cumulative release of potassium could be observed between the 
different levels of F/T aging and within replicates.  However, no clear tendency of 
the effect of F/T aging on the cumulative release of potassium could be observed 
for the columns packed at 7% moisture content.  
 
Columns F/T aged at 15% moisture content (Figure 4.18B) 
• The release of potassium from the 40 F/T cycle aged columns was overall lower 
than that from the baseline columns and the 10 and 20 F/T cycle aged columns.  
At the LS of 5 L/kg, the cumulative release of potassium was 1793 mg/kg for the 
40 F/T cycle aged columns, while 2812 mg/kg, 3408 mg/kg, and 2169 mg/kg (at 
an LS ratio of 3.7 L/kg) for the baseline columns and the 10 and 20 F/T cycle 
aged columns. 
 
Columns F/T aged at 29% moisture content (Figure 4.18C) 
• As with the release of calcium and sodium, no significant effect of F/T aging 
could be observed on the release of potassium for the columns packed at 29% 
moisture content (optimum moisture content). 
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Conclusions 
A lower release of potassium was overall observed for the columns packed at 15% 
moisture content that underwent 40 F/T cycles. 
 
Leaching Behavior of Chloride 
The cumulative release of chloride as a function of LS ratio from columns and batch 
testing is presented in Figure 4.19.  The total mass of chloride that has been released at 
the LS ratio of 5 L/kg is summarized in Table 4.5 for all cases. 
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Figure 4.19.  Cumulative release of chloride as a function of LS ratio for the 0, 10, 20, 
and 40 F/T cycle aged materials. F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Table 4.5. Chloride cumulative mass release (mg/kg) at LS 5 L/kg for column testing of 
the LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 514 352 1001 884 501 482 
10 F/T cycles 837 700(2) NA 578 593(3) 1106 
20 F/T cycles 731 759 567(3) NA 584(3) 808 
40 F/T cycles 553 557 501 503 528 530 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
(3) LS ratio of ca. 2.0 L/kg - Results not available at an LS ratio of 5 L/kg. 
NA:  Not Available (column leaked) 
 
Similar to the behavior of sodium and potassium, for all cases, the cumulative release of 
chloride reached a plateau for an LS ratio of ca. 2 L/kg.  The average of this plateau was 
around ca. 517 mg/kg, ca. 468 mg/kg, and ca. 490 mg/kg for the columns packed at 7%, 
15%, and 29%, respectively. 
 
Columns F/T aged at 7% moisture content (Figure 4.19A) 
• The cumulative release of chloride was scattered between the LS ratio of 0.1 L/kg 
and 0.5 L/kg. 
• The replication was not very good for the baseline and 20 F/T cycle aged 
columns. 
• In general, the 40 F/T cycle aged columns had a lower cumulative release that the 
other columns. 
 
Columns F/T aged at 15% moisture content (Figure 4.19B) 
• The release of chloride from the 40 F/T cycle aged columns was overall lower 
than that from the baseline columns and the 10 and 20 F/T cycle aged columns by 
about two times at any given LS ratio.  
  
Columns F/T aged at 29% moisture content (Figure 4.19C) 
• The cumulative release of chloride from the baseline columns was 10 times lower 
than the other columns at an LS ratio of 0.02 L/kg. 
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• The release of chloride from the 40 F/T cycle aged columns was slightly lower 
than that from the 10 and 20 F/T cycle aged columns over the entire range of LS 
ratios examined. 
 
Conclusions 
A lower release of chloride was overall observed for the columns packed at 7% and 15% 
moisture contents that underwent 40 F/T cycles. 
 
Leaching Behavior of Sulfate 
The cumulative release of sulfate as a function of LS ratio from columns and batch 
testing is presented in Figure 4.20.  The total mass of sulfate that has been released at the 
LS ratio of 5 L/kg is summarized in Table 4.6 for all cases. 
 
Table 4.6.  Sulfate cumulative mass release (mg/kg) at LS 5 L/kg for column testing of 
the LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 264.2 77.9 118.7 100.9 43.0 40.9 
10 F/T cycles 130.1 141.4(2) NA 64.0 72.0 104.6 
20 F/T cycles 89.6 149.7 67.7(1) NA 54.1(2) 62.8 
40 F/T cycles 99.1 109.9 42.3 38.1 38.3 39.4 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
NA:  Not Available (column leaked) 
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Figure 4.20.  Cumulative release of sulfate as a function of LS ratio for the 0, 10, 20, and 
40 F/T cycle aged materials. F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
 
For all cases, the cumulative release of sulfate reached a plateau for an LS ratio of ca. 2 
L/kg. This plateau was around ca. 120 mg/kg (with values ranging from 69 mg/kg to 264 
mg/kg), ca. 62 mg/kg (with values ranging from 28 mg/kg to 104 mg/kg), and ca. 43 
mg/kg (with values ranging from 30 to 65 mg/kg) for the columns packed at 7%, 15%, 
and 29%, respectively. 
 
Columns F/T aged at 7% moisture content (Figure 4.20A) 
• Poor reproducibility in the cumulative release of sulfate was observed for the 
replicates of the baseline column and replicates of the 20 F/T cycle aged column. 
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• As with potassium release, variability in the cumulative release of sulfate could be 
observed between the different levels of F/T aging and within replicates. 
However, no clear tendency of the effect of F/T aging on the cumulative release 
of sulfate could be observed for the columns packed at 7% moisture content.  
 
Columns F/T aged at 15% moisture content (Figure 4.20B) 
• The cumulative release of sulfate from the 40 F/T cycle aged columns was lower 
than that from the 10 and 20 F/T cycle aged columns, which was lower than that 
from the baseline columns. At the LS of 5 L/kg, the cumulative release of 
potassium was ca. 40 mg/kg for the 40 F/T cycle aged columns, while ca. 110 
mg/kg and ca. 65 mg/kg for the baseline columns and the 10 and 20 F/T cycle 
aged columns.  
 
 
Columns F/T aged at 29% moisture content (Figure 4.20C) 
• The cumulative release of sulfate from the 10 and 20 F/T cycle aged columns was 
slightly greater than that from the baseline columns and the 40 F/T cycle aged 
columns.  
• For LS ratios less than 0.5 L/kg, the cumulative release of sulfate from the 40 F/T 
cycle aged columns was slightly lower than that from the baseline columns (at the 
LS of 0.1 L/kg, the cumulative release of sulfate was ca. 4 mg/kg and ca. 20 
mg/kg from the 40 F/T cycle aged columns and the baseline columns, 
respectively).  
 
Conclusions 
A lower release of sulfate was obtained for the columns packed at 15% moisture content 
that underwent 40 F/T cycles.  Additionally, an initial lower release of sulfate was 
obtained from the columns packed at 29% moisture content that underwent 40 F/T cycles. 
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Conclusions on the effect of F/T aging on the leaching of primary material constituents 
F/T aging seemed overall to have a greater effect on the columns packed at the moisture 
contents 7% and 15%, which were lower than that of the optimum packing density.  
Additionally, F/T aging seemed to be more pronounced as the number of F/T cycles 
increased.  A lower release of the primary material constituents (i.e., calcium, sodium, 
potassium, chloride, and sulfate) was observed for the 40 F/T cycle aged columns packed 
at 7% and 15% moisture content.  The observed decrease in the release of primary 
material constituents may have been due to the consolidation of the fine material during 
freezing and thawing action, resulting in a material that became monolithic in nature. 
 
Leaching of Trace Metals 
For each trace metal of concern (i.e., arsenic, cadmium, copper, lead, and zinc), two sets 
of three graphs each are presented.  The first set of graphs shows the constituent release 
as a function of pH for batch testing and column testing.  The second set of graphs shows 
the cumulative release as a function of LS ratio from column testing of the baseline LFC 
material and the LFC material F/T aged at 7%, 15%, and 29% initial moisture content.  
Results from batch experiments (SR003 procedure) obtained on the non-aged LFC 
material (i.e., material that did not experience F/T aging) are also shown for comparison.  
Complete sets of graphs of the leachate concentrations as a function of LS ratio are 
presented in Appendix E. 
 
Leaching Behavior of Arsenic 
Arsenic release as a function of pH for batch testing and column testing is presented in 
Figure 4.21.  The cumulative release of arsenic as a function of LS ratio is presented in 
Figure 4.22.  The total mass of arsenic that has been released at the LS of 5 L/kg is 
summarized in Table 4.7. 
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Figure 4.21.  Arsenic release as a function of pH for the 0, 10, 20, and 40 F/T cycle aged 
materials. F/T aging at A) 7% moisture content, B) 15 % moisture content, and C) 29 % 
moisture content. 
 
Arsenic solubility as a function of pH (SR002 test) increased slightly from ca. 0.1 mg/L 
to ca. 1 mg/L as pH decreased from ca. 12.3 to 10.  The concentration of arsenic in the 
leachate from column testing was less than or close to the solubility of arsenic for most 
cases.  Concentrations of arsenic greater than the solubility of arsenic obtained from the 
SR002 test were observed in the leachate from the 10 F/T cycle aged columns packed at 
7% and 15% moisture content.  This behavior was not observed in the leachates from the 
columns packed at the optimum moisture content (i.e., 29%).  These anomalous data 
points could have been experimental outliers or could be due to colloidal transport. 
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Figure 4.22.  Cumulative release of arsenic as a function of LS ratio for the 0, 10, 20, and 
40 F/T cycle aged materials. F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
 
 
Table 4.7. Arsenic cumulative mass release (mg/kg) at LS 5 L/kg for column testing of 
the LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 0.30 0.06 0.15 0.16 0.16 0.15 
10 F/T cycles 0.93 0.94(2) NA 4.9 0.19 0.27 
20 F/T cycles 0.24 0.10 0.17(1) NA 0.12(2) 0.14 
40 F/T cycles 0.25 0.24 0.22 0.18 0.17 0.18 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
NA:  Not Available (column leaked) 
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Columns F/T aged at 7% moisture content (Figure 4.22A) 
• Overall, a good replication was obtained except for the baseline columns (L-LFC-
07%00d) and the columns that underwent 20 F/T cycles.  These columns showed, 
respectively, as much as one order of magnitude difference in the cumulative 
release over the entire range of LS ratios examined between the two replicates. 
• Arsenic concentrations in leachate from column testing that underwent 0, 20, and 
40 F/T cycles were close to or lower than that from batch testing (SR003).  
However, arsenic concentrations from column testing that underwent 10 F/T 
cycles were close to or greater than that from batch testing at similar LS ratios 
(see Appendix E). 
• On a cumulative mass basis, batch testing was in good agreement overall with 
column testing except for the columns that underwent 10 F/T cycles for which 
batch testing underestimated the release by as much as 2 orders of magnitude. 
• The greatest arsenic release was observed for the columns that underwent 10 F/T 
cycles with ca. 0.94 mg/kg released at the LS of 5 L/kg, compared to less than 0.3 
mg/kg released for the baseline columns and columns that underwent 20 and 40 
F/T cycles (Table 4.6).  
• However, no clear tendency resulting from F/T aging effects could be observed. 
 
Columns F/T aged at 15% moisture content (Figures 4.22B) 
• A good replication was obtained where replicates were available.   
• Arsenic concentrations in leachate from column testing that underwent 0, 20, and 
40 F/T cycles were similar to or lower than that from batch testing.  However, 
much greater arsenic concentrations than that obtained during the batch testing at 
similar LS ratios (as much as 2 orders of magnitude) could be observed in 
leachate from column testing that underwent 10 F/T cycles (see Appendix E).  
• On a cumulative mass basis, batch testing was in good agreement overall with 
column testing except for the columns that underwent 10 F/T cycles for which 
batch testing significantly underestimated the release of arsenic (by more than one 
order of magnitude). 
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• Similar to the columns F/T aged at 7% initial moisture content, a much greater 
arsenic release was observed after an LS ratio of 0.1 L/kg for the columns that 
underwent 10 F/T cycles (however, this result is only based on one replicate). 
• No significant difference in the cumulative release of arsenic could be observed 
between the baseline columns and the columns that underwent 20 and 40 F/T 
cycles with less than 0.3 mg/kg of arsenic released at the LS of 5 L/kg. 
 
Columns F/T aged at 29% moisture content (Figure 4.22C) 
• A good replication was obtained for all cases examined. 
• For all cases, arsenic concentrations in leachate from column testing were lower 
than that from batch testing at similar LS ratios (see Appendix E).  This could 
indicate that arsenic equilibrium may not have been obtained in the columns and 
could be the result of a lower ionic strength in the column leachate compared to 
the batch studies due to prior release of highly soluble species (at LS of 0.5 L/kg, 
ca. 60% of sodium has been released from the column). 
• However, on a cumulative mass basis, batch testing was in good agreement 
overall with column testing. 
• No significant effect of F/T aging could be observed. 
 
Conclusions 
• F/T aging appeared most significant for the 10 F/T cycle aged columns packed at 
7% and 15% moisture content.  A small number of leachates from the 10 F/T 
cycle aged columns had a concentration of arsenic that was greater than the 
arsenic concentration at equilibrium.  These anomalous data points could have 
been experimental outliers or could indicate that colloidal transport during column 
testing may have played a role. 
• For the 10 F/T cycle aged columns packed at 7% and 15% moisture content, batch 
testing underestimated the release of arsenic. 
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Leaching of Behavior of Cadmium 
Cadmium release as a function of pH for batch testing and column testing is presented in 
Figure 4.23.  The cumulative release of cadmium as a function of LS ratio is presented in 
Figure 4.24.  The total mass of arsenic that has been released at the LS of 5 L/kg is 
summarized in Table 4.8. 
0.001
0.01
0.1
1
10
10 11 12 13 14
pH
C
d 
(m
g/
L)
L-LFC-07%00d-A,B L-LFC-07%10d-A,B
L-LFC-07%20d-A,B L-LFC-07%40d-A,B
SR002-A,B
MCL
 
A) 
0.001
0.01
0.1
1
10
10 11 12 13 14
pH
C
d 
(m
g/
L)
L-LFC-15%00d-A,B L-LFC-15%10d-A,B
L-LFC-15%20d-A,B L-LFC-15%40d-A,B
SR002-A,B
MCL
B) 
0.001
0.01
0.1
1
10
10 11 12 13 14
pH
C
d 
(m
g/
L)
L-LFC-29%00d-A,B L-LFC-29%10d-A,B
L-LFC-29%20d-A,B L-LFC-29%40d-A,B
SR002-A,B
MCL
 
C) 
 
 
Figure 4.23.  Cadmium release as a function of pH for the 0, 10, 20, and 40 F/T cycle 
aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture content, and C) 
29 % moisture content. 
 
Cadmium solubility as a function of pH (SR002 test) remained relatively constant around 
a value of ca. 0.006 mg/L as pH decreased from ca. 12.3 to 10. The concentration of 
cadmium in the leachates from column testing was less than or close to the solubility of 
cadmium for most cases. 
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Figure 4.24.  Cumulative release of cadmium as a function of LS ratio for the 0, 10, 20, 
and 40 F/T cycle aged materials. F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
 
Table 4.8. Cadmium cumulative mass release (mg/kg) at LS 5 L/kg for column testing of 
the LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 0.030 0.013 0.030 0.019 0.021 0.023 
10 F/T cycles 0.019 0.013(2) NA 0.031 0.019 0.023 
20 F/T cycles 0.022 0.018 0.014(1) NA 0.013(2) 0.019 
40 F/T cycles 0.027 0.026 0.018 0.019 0.021 0.022 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
NA:  Not Available (column leaked) 
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Column F/T aged at 7% moisture content (Figures 4.24A) 
• Overall, a good replication was obtained, except for the baseline columns that 
showed some variability in the leachate concentration of cadmium at a given LS 
ratio. 
• Batch testing as a function of LS ratio (SR003 test) was a conservative estimate of 
column testing. 
• The cumulative release of cadmium at the LS ratio of 5 L/kg was ca. 0.02 mg/kg 
for the baseline columns and the columns that underwent 10 and 20 F/T cycles 
and ca. 0.03 mg/kg for the columns that underwent 40 F/T cycles.  
• F/T aging did not seem to have a significant effect on the cumulative release of 
cadmium for the columns packed at 7% moisture content. 
 
Column F/T aged at 15% moisture content (Figure 4.24B) 
• Overall, a good replication was obtained, except for the baseline columns for LS 
ratios greater than 1 L/kg (different leachate concentrations were obtained for the 
two replicates at the LS ratios of 1 and 2 L/kg). 
• Batch testing as a function of LS ratio (SR003 test) was a conservative estimate of 
column testing. 
• The columns that underwent 10 F/T cycles showed a greater cumulative release of 
cadmium over the entire range of LS ratios examined compared to the columns 
that underwent 20 and 40 F/T cycles.  At the LS of 5 L/kg, the cadmium release 
was ca. 0.03 mg/kg for the 10 F/T cycle aged columns, while ca. 0.019 mg/kg for 
the 20 and 40 F/T cycle aged columns. 
• F/T aging using 10 F/T cycles slightly increased the release of cadmium 
compared to no F/T aging.  However, further increase in the number of F/T cycles 
did not show any effect on the release of cadmium compared to no F/T aging. 
 
Column F/T aged at 29% moisture content (Figure 4.24C) 
• A good replication was obtained for all cases. 
• Batch testing as a function of LS ratio (SR003 test) was a conservative estimate of 
column testing. 
83 
• For LS ratios less than ca. 5 L/kg, the cumulative release of cadmium from the 
columns that underwent 10 and 20 F/T cycles was lower than that from the 
baseline columns and the columns that underwent 40 F/T cycles (the cumulative 
release was as much as 2 times lower).  After the LS ratio of 5 L/kg, the 
cumulative release of cadmium became similar for all cases. 
• F/T aging using 10 and 20 F/T cycles decreased the initial release of cadmium (up 
to LS of 5 L/kg) for the columns packed at 29% moisture content (optimum 
packing density) compared to the release from the baseline columns. However, 
greater levels of F/T aging (40 F/T cycles) did not show any significant effect on 
the cumulative release of cadmium over the entire range of LS ratios examined. 
 
Conclusions 
• The behavior of cadmium indicated that batch testing was a conservative estimate 
of column testing; the concentration of cadmium in the leachate was below the 
concentration achieved in batch testing in all cases. 
• No clear tendency resulting from F/T aging effects could be observed on the 
release of cadmium. 
 
 
Leaching Behavior of Copper 
 
Copper release as a function of pH for batch testing and column testing is presented in 
Figure 4.25.  The cumulative release of copper as a function of LS ratio is presented in 
Figure 4.26.  The total mass of zinc that has been released at the LS of 5 L/kg is 
summarized in Table 4.9. 
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Figure 4.25.  Copper release as a function of pH for the 0, 10, 20, and 40 F/T cycle aged 
materials.  F/T aging at A) 7% moisture content, B) 15 % moisture content, and C) 29 % 
moisture content. 
 
 
Copper solubility as a function of pH (SR002 test) slightly decreased from ca. 0.2 mg/L 
to ca. 0.03 mg/L as pH decreased from ca. 12.3 to 10. The concentration of copper in the 
leachates from column testing was close to the solubility of copper for all cases. 
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Figure 4.26.  Cumulative release of copper as a function of LS ratio for the 0, 10, 20, and 
40 F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
 
Table 4.9. Copper cumulative mass release (mg/kg) at LS 5 L/kg for column testing of 
the LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 0.95 1.10  0.86 0.83 0.96 0.91 
10 F/T cycles 0.82 0.69(1) No data 1.1 0.91 1.21 
20 F/T cycles 1.16 0.88 0.66(2) No data 0.90(2) 0.90 
40 F/T cycles 0.68 0.68 0.75 0.73 0.79 0.78 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
NA:  Not Available (column leaked) 
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Column F/T aged at 7% moisture content (Figure 4.26A) 
• Overall, a good replication was obtained for all cases. 
• For all cases, copper concentrations in leachate from column testing were lower 
than that from batch testing (SR003) at similar LS ratios (see Appendix E).  
However, on a cumulative mass basis, batch testing was in good agreement with 
column testing. 
• The 10 and 40 F/T cycle aged columns showed a release of copper that was less 
than the release of copper from the baseline and 20 F/T cycle aged columns.  At 
the LS ratio of 5 L/kg, the cumulative release of copper was ca. 1 mg/kg for the 
baseline and 20 F/T cycle aged columns, while less than ca. 0.8 mg/kg and 0.7 
mg/kg for the 10 and 40 F/T cycle aged columns, respectively. 
• Overall, the 40 F/T cycle aged columns showed the lowest release of copper. 
 
Column F/T aged at 15% moisture content (Figure 4.26B) 
• Overall, a good replication was obtained for all cases. 
• For all cases, copper concentrations in leachate from column testing were lower 
than that from batch testing at similar LS ratios (see Appendix E).  However, on a 
cumulative mass basis, batch testing was in good agreement with column testing. 
• The columns that underwent 10 F/T cycles showed a greater cumulative release of 
copper over the entire range of LS ratios examined compared to the baseline 
columns.  In contrast, the columns that underwent 40 F/T cycles showed a lower 
cumulative release of copper over the entire range of LS ratios examined 
compared to the baseline columns.  At the LS of 5 L/kg, the cumulative release of 
copper was ca. 1.1 mg/kg for the 10 F/T cycle aged columns (only 1 replicate 
available) and ca. 0.75 mg/kg for the 40 F/T cycle aged columns, while ca. 0.85 
mg/kg for the baseline columns (Table 4.8).  
 
Column F/T aged at 29% moisture content (Figure 4.26C) 
• A good replication was obtained for all cases. 
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• For all cases, copper concentrations in leachate from column testing were lower 
than that from batch testing at similar LS ratios (see Appendix E).  However, on a 
cumulative mass basis, batch testing was in good agreement with column testing. 
• For LS ratios less than 0.2 L/kg, the concentration of copper in the leachate was 
independent of the LS ratio. 
• At the LS of 5 L/kg, the cumulative release of copper was ca. 0.95 mg/kg, ca. 
1.07 mg/kg, ca. 0.90 mg/kg, and ca. 0.80 mg/kg, for the baseline and 10, 20, and 
40 F/T cycle aged columns, respectively. 
• No significant effect of F/T aging could be observed on the cumulative release of 
copper for the columns packed at 29% moisture content (optimum moisture 
content). 
 
Conclusions 
• Batch testing was in good agreement with column testing 
• Greater variability in the cumulative release of copper was observed for the 
columns packed at 7% and 15% moisture content compared to that packed at 
29%, with a slightly lower release obtained for the 40 F/T cycle aged columns. 
 
 
Leaching Behavior of Lead 
 
Lead release as a function of pH for batch testing and column testing is presented in 
Figure 4.27.  The cumulative release of lead as a function of LS ratio is presented in 
Figure 4.28.  The total mass of lead that has been released at the LS of 5 L/kg is 
summarized in Table 4.10. 
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Figure 4.27.  Lead release as a function of pH for the 0, 10, 20, and 40 F/T cycle aged 
materials.  F/T aging at A) 7% moisture content, B) 15 % moisture content, and C) 29 % 
moisture content. 
 
 
Lead solubility as a function of pH (SR002 test) decreased from ca. 4.5 mg/L to ca. 0.2 
mg/L as pH decreased from ca. 12.3 to 10.  The concentration of lead in the leachate 
from column testing was close to the solubility of lead for all cases. 
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Figure 4.28.  Cumulative release of lead as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
 
Table 4.10. Lead cumulative mass release (mg/kg) at LS 5 L/kg for column testing of the 
LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 11.99 10.86 14.99 13.86 14.73 13.27 
10 F/T cycles 13.96 8.48(2) NA 15.25 13.95 15.18 
20 F/T cycles 10.98 11.57 10.53(1) NA 8.39(2) 11.66 
40 F/T cycles 14.03 13.58 11.97 13.35 13.94 13.45 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
NA:  Not Available (column leaked) 
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Column F/T aged at 7% moisture content (Figure 4.28A) 
• A good replication was obtained for all cases. 
• For all cases, lead concentrations in leachate from column testing were lower than 
that from batch testing at similar LS ratios (see Appendix E).  However, on a 
cumulative mass basis, batch testing was in good agreement with column testing. 
• The cumulative release of lead from the 20 F/T cycle aged columns was slightly 
greater than that from the baseline columns and the 10 and 40 F/T cycle aged 
columns for LS ratios less than 0.5 L/kg (ca. 1.23 mg/kg at LS of 0.1 L/kg 
compared to 1.0, 0.9, and 0.5, respectively). 
• At the LS of 5 L/kg, the cumulative release of lead was ca. 11.4 mg/kg, ca. 13.9 
mg/kg, ca. 11.3 mg/kg, and ca. 12.9 mg/kg, for the baseline and 10, 20, and 40 
F/T cycle aged columns, respectively. 
• No significant effect of F/T aging on the cumulative release of lead could be 
observed for the columns packed at 7% moisture content (moisture content of the 
material as is). 
 
Column F/T aged at 15% moisture content (Figure 4.28B) 
• Overall, a good replication was obtained, except for one point (LS ratio of 0.2 
L/kg) of the 40 F/T cycle aged columns.  The first sample at LS of 0.1 L/kg is 
missing for that column, which causes the cumulative mass released to be lower 
than it actually is. 
• For all cases, lead concentrations in leachate from column testing were lower than 
that from batch testing at similar LS ratios (see Appendix E).  However, on a 
cumulative mass basis, batch testing was in good agreement with column testing. 
• No significant effect of F/T aging on the cumulative release of lead could be 
observed for the columns packed at 15% moisture content. 
 
Column F/T aged at 29% moisture content (Figure 4.27C and 4.28C) 
• A good replication was obtained for all cases. 
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• For all cases, lead concentrations in leachate from column testing were lower than 
that from batch testing at similar LS ratios (see Appendix E).  However, on a 
cumulative mass basis, batch testing was in good agreement with column testing. 
• For LS ratios less than 0.2 L/kg, the concentration of lead in the leachate was 
independent of the LS ratio (concentration was the same). 
• No significant effect of F/T aging on the cumulative release of lead could be 
observed for the columns packed at 29% moisture content (optimum moisture 
content). 
 
Conclusions 
• Similar to the behavior of copper, the concentration of lead in the leachates from 
column testing was lower than that from batch testing for given LS ratios, while 
on a cumulative release basis, batch testing and columns testing were in good 
agreement. 
• No significant effect of F/T aging on the cumulative release of lead was observed. 
 
Leaching Behavior of Zinc 
 
Zinc release as a function of pH for batch testing and column testing is presented in 
Figure 4.29.  The cumulative release of zinc as a function of LS ratio is presented in 
Figure 4.30.  The total mass of zinc that has been released at the LS of 5 L/kg is 
summarized in Table 4.11. 
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Figure 4.29.  Zinc release as a function of pH for the 0, 10, 20, and 40 F/T cycle aged 
materials.  F/T aging at A) 7% moisture content, B) 15 % moisture content, and C) 29 % 
moisture content. 
 
Zinc solubility as a function of pH (SR002 test) slightly decreased from ca. 0.09 mg/L to 
ca. 0.03 mg/L as pH decreased from ca. 12.3 to 10.  The solubility was quasi-constant at 
a ca. 0.03 mg/L below a pH of 11.8.  The concentration of zinc in the leachates from 
column testing was close to the solubility of zinc for all cases. 
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Figure 4.30.  Cumulative release of zinc as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
 
 
Table 4.11.  Zinc cumulative mass release (mg/kg) at LS 5 L/kg for column testing of the 
LFC material. 
 7% moisture 
content 
15% moisture 
content 
29% moisture 
content 
 Rep A Rep B Rep A Rep B Rep A Rep B 
Baseline 0.36 0.28 0.45 0.48 0.33 0.34 
10 F/T cycles 0.40 0.27(2) NA 0.53 0.36 0.41 
20 F/T cycles 0.43 0.37 0.26(1) NA 0.20(2) 0.36 
40 F/T cycles 0.31 0.31 0.29 0.30 0.29 0.29 
(1) LS ratio of ca. 3.7 L/kg – Column was stopped because of leaks. 
(2) LS ratio of ca. 2.3 L/kg – Column was stopped because of leaks. 
NA:  Not Available (column leaked) 
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Column F/T aged at 7% moisture content (Figure 4.30A) 
• A good replication was obtained for all cases.  Replicates of the 20 F/T cycle aged 
column were scattered. 
• Batch testing (SR003) was in good agreement with column testing. 
• For LS ratios less than 5 L/kg, the release of zinc from the 20 F/T cycle aged 
column was slightly greater than that from the baseline, 10 and 40 F/T cycle aged 
columns. 
• At the LS of 5 L/kg, no significant difference in the cumulative release of zinc 
could be observed with values ranging from 0.28 mg/kg to 0.40 mg/kg. 
• No significant effect of F/T aging on the cumulative release of zinc could be 
observed for the columns packed at 7% moisture content (optimum moisture of 
the material as is). 
 
Column F/T aged at 15% moisture content (Figure 4.30B) 
• A good replication was obtained for all cases. 
• Batch testing (SR003) was in good agreement with column testing. 
• The cumulative release of zinc from the 40 F/T cycle aged columns was lower 
than that from the baseline and 10 F/T cycle aged columns.  At the LS of 5 L/kg, 
the cumulative release of zinc was less than 0.3 mg/kg for the 40 F/T cycle aged 
columns, while 0.5 mg/kg for the baseline and 10 F/T cycle aged columns.  
• No significant effect of F/T aging on the cumulative release of zinc could be 
observed for the columns packed at 15% moisture content. 
 
Column F/T aged at 29% moisture content (Figure 4.30C) 
• A good replication was obtained for all cases.  
• Batch testing (SR003) was in good agreement with column testing. 
• No significant effect of F/T aging on the cumulative release of zinc could be 
observed for the columns packed at 29% moisture content (optimum moisture 
content). 
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Conclusions 
• Batch testing was in good agreement with column testing. 
• Greater variability in the cumulative release of zinc was observed for the columns 
packed at 7% and 15% moisture content compared to that packed at 29%, with a 
slightly lower release obtained for the 40 F/T cycle aged columns. 
 
Effect of Rapid F/T Cycling on Constituent Leaching 
 
Leachate pH and Conductivity as a Function of LS Ratio 
The leachate pH and conductivity as a function of LS ratio from column testing of the 
LFC material after the material was F/T aged with rapid F/T cycles (i.e., freezing for 2 
hours and thawing for 1 hour during the day for a total of 40 cycles and freezing during 
the night) at 29% initial moisture content, are shown in Figures 4.31 and 4.32, 
respectively.  The leachate pH obtained from the batch experiment (SR003 procedure) 
and from the columns experiencing 0, 10, 20, and 40 F/T cycles at 29% initial moisture 
content is shown for comparison. 
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Figure 4.31.  Leachate pH from the leaching columns of the LFC material F/T aged with 
rapid F/T cycling at 29% moisture content. 
 
Columns that experienced rapid F/T aging showed a lower leachate pH (as much as 0.8 
pH units) than the baseline columns and the 10, 20, and 40 F/T cycle aged columns over 
the entire range of LS ratios examined. 
96 
0
10
20
30
40
50
0.01 0.1 1 10
LS Ratio (L/kg)
C
on
d.
 (m
S/
cm
)
L-LFC-RAP-A,B L-LFC-29%00d-A,B
L-LFC-29%10d-A,B L-LFC-29%20d-A,B
L-LFC-29%40d-A,B
 
Figure 4.32.  Leachate conductivity from the leaching columns of the LFC material F/T 
aged with rapid F/T cycling at 29% moisture content. 
 
For LS ratios less than 1 L/kg, leachate conductivity from the columns that experienced 
rapid F/T aging was slightly greater than that from the baseline columns and the 10, 20, 
and 40 F/T cycle aged columns. 
 
Leaching Behavior of Primary Material Constituents 
Leachate concentration and cumulative release of calcium, sodium, potassium, chloride, 
and sulfate as a function of LS ratio from column testing of the LFC material, which was 
F/T aged with rapid cycles at 29% initial moisture content, are presented in Figures 4.33 
through 4.37.  Each graph shows a comparison of the concentration or cumulative release 
of the constituent of concern at each moisture content examined for the different levels of 
F/T aging (i.e., 0, 10, 20, and 40 F/T cycles).  Results from batch experiments (SR003 
procedure) obtained on the non-aged LFC material (i.e., material that did not experience 
F/T aging) are also shown for comparison.   
 
Leaching Behavior of Calcium 
No significant difference was observed for the release of calcium between the columns 
that experienced rapid F/T aging and the 0, 10, 20, and 40 F/T cycle aged columns. This 
was in contrast with results observed for the leachate pH. 
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Figure 4.33.  A) Calcium concentration and B) cumulative release of calcium as a 
function of LS ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
 
 
 
Leaching Behavior of Sodium 
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Figure 4.34.  A) Sodium concentration and B) cumulative release of sodium as a function 
of LS ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
 
 
No significant difference was observed for the release of sodium between the columns 
that experienced rapid F/T aging and the 0, 10, 20, and 40 F/T cycle aged columns.  
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Leaching Behavior of Potassium 
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Figure 4.35.  A) Potassium concentration and B) cumulative release of potassium as a 
function of LS ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
 
As with calcium and sodium, no significant difference was observed for the release of 
potassium between the columns that experienced rapid F/T aging and the 0, 10, 20, and 
40 F/T cycle aged columns.  
 
Leaching Behavior of Chloride 
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Figure 4.36.  A) Chloride concentration and B) cumulative release of chloride as a 
function of LS ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
 
As with calcium, sodium, and potassium, no significant difference was observed for the 
release of potassium between the columns that experienced rapid F/T aging and the 0, 10, 
20, and 40 F/T cycle aged columns.  
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Leaching Behavior of Sulfate 
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Figure 4.37.  A) Sulfate concentration and B) cumulative release of sulfate as a function 
of LS ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
 
A higher release of sulfate was observed in the columns that experienced rapid F/T aging 
than in the 0, 10, 20, and 40 F/T cycle aged columns. 
 
Leaching of Trace Metals 
Leachate concentration and cumulative release of arsenic, cadmium, copper, lead, and 
zinc as a function of LS ratio from column testing of the LFC material, which was F/T 
aged with rapid cycles at 29% initial moisture content, are presented in Figures 4.38 
through 4.42.  Each graph shows a comparison of the concentration or cumulative release 
of the constituent of concern at each moisture content examined for the different levels of 
F/T aging (i.e., 0, 10, 20, and 40 F/T cycles).  Results from batch experiments (SR003 
procedure) obtained on the non-aged LFC material (i.e., material that did not experience 
F/T aging) are also shown for comparison.   
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Leaching Behavior of Arsenic 
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Figure 4.38.  A) Arsenic concentration and B) cumulative release of arsenic as a function 
of LS ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
 
A slightly greater release of arsenic was observed for the columns that experienced rapid 
F/T aging compared to the 0, 10, 20, and 40 F/T cycle aged columns. This was consistent 
with leachate pH and arsenic solubility (arsenic solubility increased from 0.05 to 0.8 as 
pH decreased from 12.3 to 10).  
 
Leaching Behavior of Cadmium 
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Figure 4.39.  A) Cadmium concentration and B) cumulative release of cadmium as a 
function of LS ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
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No significant difference in the release of cadmium could be observed between the rapid 
F/T aging and the 10, 20, and 40 F/T aging. 
 
Leaching Behavior of Copper 
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Figure 4.40.  A) Copper concentration and B) cumulative release of copper as a function 
of LS ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
 
No significant difference in the release of copper could be observed between the rapid 
F/T aging and the 10, 20, and 40 F/T aging. 
 
Leaching Behavior of Lead 
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Figure 4.41.  A) Lead concentration and B) cumulative release of lead as a function of LS 
ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
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No significant difference in the release of lead could be observed between the rapid F/T 
aging and the 10, 20, and 40 F/T aging. 
 
Leaching Behavior of Zinc 
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Figure 4.42.  A) Zinc concentration and B) cumulative release of zinc as a function of LS 
ratio for the rapid, 0, 10, 20, and 40 F/T cycle aged materials.   
 
No significant difference in the release of zinc could be observed between the rapid F/T 
aging and the 10, 20, and 40 F/T aging. 
 
Effect of Intermittent F/T Cycling on Constituent Leaching 
Results from intermittent flow columns with F/T aging performed on the LFC material 
and the actual recycled concrete (RC - construction debris material) are presented in 
Figures 4.43 through 4.54.  Intermittent flow columns consisted of 1 F/T cycle (8 hours 
of freezing and 16 hours of thawing) followed by leaching until 1 pore volume was 
passed through the columns.  This was repeated until the columns reached an LS ratio of 
1 L/kg, resulting in a total of 18 extracts. 
 
Leachate pH and Conductivity as a Function of LS Ratio 
The leachate pH and conductivity as a function of LS ratio from intermittent flow 
columns with F/T aging is shown in Figures 4.43 and 4.44, respectively.  The leachate pH 
obtained from the batch experiment (SR003 procedure) and from the continuous 
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saturated columns with no F/T aging (baseline columns packed at 29% initial moisture 
content) are shown for comparison. 
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Figure 4.43.  Leachate pH from intermittent flow columns with F/T aging of the LFC 
material and construction debris material (RC). 
 
 
Leachate pH from intermittent flow columns with F/T aging was lower (as much as 0.5 
pH units) than that from continuous saturated columns with no F/T aging (baseline 
columns).  Additionally, no significant difference in leachate pH could be observed 
between the LFC material and the construction debris material during intermittent flow 
columns with F/T aging.  In general, the pH of the leachate from both materials varied 
from 13.3 to 11.6. 
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Figure 4.44.  Leachate conductivity from intermittent flow columns with F/T aging of the 
LFC material and construction debris material (RC). 
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For LS ratios less than ca. 0.5 L/kg, leachate conductivity from intermittent flow columns 
with F/T aging was lower (as much as 1.5 times lower) than that from continuous 
saturated columns with no F/T aging (baseline columns).  
 
 
Leaching Behavior of Primary Material Constituents 
The concentration released and the cumulative release of calcium, sodium, potassium, 
chloride, and sulfate as a function of LS ratio from intermittent flow columns with F/T 
aging is shown in Figures 4.45 to 4.49.  Results from batch experiments (SR003 
procedure) obtained on the non-aged LFC material (i.e., material that did not experience 
F/T aging) are also shown for comparison.   
 
Leaching Behavior of Calcium 
No significant difference in the cumulative release of calcium could be observed between 
the intermittent flow columns with F/T aging and the continuous saturated columns with 
no F/T aging (baseline columns). Additionally, no significant difference in calcium 
release could be observed between the LFC material and the construction debris material. 
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Figure 4.45.  A) Calcium concentration and B) cumulative release of calcium as a 
function of LS ratio for the intermittent F/T aged materials.  
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Leaching Behavior of Sodium 
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Figure 4.46.  A) Sodium concentration and B) cumulative release of sodium as a function 
of LS ratio for the intermittent F/T aged materials. 
 
A lower release of sodium was released from the intermittent flow columns with F/T 
aging compared to the continuous saturated columns with no F/T aging (baseline 
columns).  The concentrations of sodium in the intermittent flow columns became 
scattered after an LS ratio of 0.4 L/kg.  A lower cumulative mass release was observed in 
intermittent flow columns than in the continuous saturated columns by as much as 1.5 
times.  Little difference was observed in the release of sodium from the columns packed 
with LFC material and the construction debris material. 
 
Leaching Behavior of Potassium  
No effects of intermittent F/T cycling were observed at LS ratios lower than 0.3 L/kg.  At 
LS ratios higher than 0.3 L/kg, the release of potassium was 3 times lower for both the 
LFC material and the construction debris material.   
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Figure 4.47.  A) Potassium concentration and B) cumulative release of potassium as a 
function of LS ratio from intermittent flow columns with F/T aging. 
 
Leaching Behavior of Chloride 
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Figure 4.48.  A) Chloride concentration and B) cumulative release of chloride as a 
function of LS ratio from intermittent flow columns with F/T aging. 
 
The concentration of chloride released from the columns packed with construction debris 
material was higher than the concentration of chloride released from the columns packed 
with LFC material.  At LS ratios higher than 0.3 L/kg, the cumulative chloride released 
from the columns with intermittent F/T cycling was the same as that from continuous 
saturated columns, while the cumulative chloride released from the columns packed with 
construction debris is ca. 3 times higher. 
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Leaching Behavior of Sulfate 
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Figure 4.49.  A) Sulfate concentration and B) cumulative release of sulfate as a function 
of LS ratio from intermittent flow columns with F/T aging. 
 
The release of sulfate was much greater for the intermittent flow columns with F/T aging 
than for the continuous saturated columns with no F/T aging (baseline columns).  At the 
LS of 0.4 L/kg, the cumulative release of sulfate from the intermittent flow columns with 
F/T aging was ca. 46 and ca. 256, for the LFC material and the construction debris 
material, respectively, while ca. 24 for the continuous saturated columns.  A much 
greater release of sulfate was observed from the construction debris material compared to 
the LFC material (as much as 7 times greater). 
 
Leaching of Trace Metals 
The concentration released and the cumulative release of arsenic, cadmium, copper, lead, 
and zinc as a function of LS ratio from intermittent flow columns with F/T aging is 
shown in Figures 4.50 to 4.54.  Results from batch experiments (SR003 procedure) 
obtained on the non-aged LFC material (i.e., material that did not experience F/T aging) 
are also shown for comparison.   
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Leaching Behavior of Arsenic 
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Figure 4.50.  A) Arsenic concentration and B) cumulative release of arsenic as a function 
of LS ratio from intermittent flow columns with F/T aging. 
 
No significant difference in the cumulative release of arsenic could be observed between 
the intermittent flow columns with F/T aging and the continuous saturated columns with 
no F/T aging (baseline columns).  Additionally, no significant difference in arsenic 
release could be observed between the LFC material and the construction debris material. 
 
Leaching Behavior of Cadmium 
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Figure 4.51.  A) Cadmium concentration and B) cumulative release of cadmium as a 
function of LS ratio from intermittent flow columns with F/T aging.  
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The release of cadmium from the intermittent flow columns with F/T aging was lower 
than that from the continuous saturated columns with no F/T aging (baseline columns). 
At the LS ratio of 1 L/kg, the cumulative release of cadmium was ca. 0.007 and ca. 0.013 
for the intermittent flow columns with F/T aging and the continuous saturated columns, 
respectively.  The difference in cadmium cumulative release was less pronounced as the 
LS ratio increased.  This was consistent with the leachate pH and cadmium solubility 
(cadmium solubility remained fairly constant at ca. 0.006 mg/L as pH decreased from ca. 
12.3 to 10.).   
 
For LS less than 0.5 L/kg, the release of cadmium from the construction debris material 
was slightly lower than that from the LFC material.  After the LS of 0.5 L/kg, the 
cumulative release of cadmium became similar for both materials. 
 
Leaching Behavior of Copper 
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Figure 4.52.  A) Copper concentration and B) cumulative release of copper as a function 
of LS ratio from intermittent flow columns with F/T aging.  
 
Similar to cadmium, the release of copper from the intermittent flow columns with F/T 
aging was lower than that from the continuous saturated columns with no F/T aging 
(baseline columns).  This was consistent with the leachate pH and copper solubility 
(copper solubility decreased from ca. 0.2 mg/L to ca. 0.03 mg/L as pH decreased from 
ca. 12.3 to 10). 
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For LS less than 0.5 L/kg, the release of copper from the construction debris material was 
slightly lower than that from the LFC material.  After the LS of 0.5 L/kg, the cumulative 
release of copper became similar for both materials. 
 
Leaching Behavior of Lead 
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Figure 4.53.  A) Lead concentration and B) cumulative release of lead as a function of LS 
ratio from intermittent flow columns with F/T aging. 
 
The release of lead from the intermittent flow columns with F/T aging was lower than 
that from the continuously saturated columns with no F/T aging (baseline columns).  This 
was consistent with the leachate pH and lead solubility (lead solubility decreased from 
ca. 4.5 mg/L to ca. 0.2 mg/L as pH decreased from ca. 12.3 to 10). 
 
For LS less than 0.5 L/kg, the release of lead from the construction debris material was 
slightly lower than that from the LFC material.  After the LS of 0.5 L/kg, the cumulative 
release of copper became similar for both materials. 
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Leaching Behavior of Zinc 
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Figure 4.54.  A) Zinc concentration and B) cumulative release of zinc as a function of 
LS ratio from intermittent flow columns with F/T aging.  
 
 
No significant difference in the cumulative release of zinc could be observed between the 
intermittent flow columns with F/T aging and the continuous saturated columns with no 
F/T aging (baseline columns).  This was consistent with the leachate pH and zinc 
solubility (zinc solubility remained quasi-constant around ca. 0.03 mg/L as pH decreased 
from 11.8 to 10). 
 
No significant difference in the release of zinc could be observed between the LFC 
material and the construction debris material. 
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 CHAPTER V  
 
 CONCLUSIONS AND RECOMMENDATIONS 
  
The overall objective of this project was to investigate the effect of freezing and thawing 
on flow mechanisms and constituent leaching from recycled concrete during a scenario of 
infiltration.  To achieve the research objectives, laboratory flow column studies coupled 
with F/T aging were performed.     
 
Tracer Study 
Significant variation in the flow rate was obtained during the tracer experiments, in part 
due to fluctuations of the pump.  Results from the tracer experiment indicated bromide 
was not a conservative tracer.  Less than 65% of the bromide injected was recovered after 
20-40 days.  Additionally, the recovery was not affected by the concentration of bromide 
injected.  Little effect from F/T cycling was observed based on the total percentage of 
bromide recovery.  The columns packed with 7% moisture content showed more 
variability in the recovery of bromide compared to the columns packed at 15% and 29% 
moisture contents.  Sodium and chloride were examined as internal tracers.  The same 
results were not obtained from an examination of sodium and chloride, but in some cases, 
the 20 F/T and 40 F/T cycle aged columns showed a slower release of sodium and 
chloride compared to other columns.  The percentage of chloride recovered ranged from 
20% to 40%.  The percentage of chloride recovered was lower for the columns packed 
with the initial moisture content (7%).  
 
Continuous Leaching Column Study 
The columns receiving the maximum number of F/T cycles (those aged with 40 F/T 
cycles) demonstrated a lower release of calcium, sodium, potassium, chloride, and 
sulfate, especially at low LS ratios.  The lower release of constituents may be due to the 
consolidation of fine particles in the LFC material, which created a material monolithic in 
nature.  In addition, the effects of F/T cycling were more pronounced for the columns 
packed with 7% and 15% moisture contents.  One would expect the results to be greatest 
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in the columns packed at optimum moisture content (29%).  However, research on the 
effects of F/T cycling on permeability in the soil found the permeability decreased 70 to 
80 times at the optimum moisture content following 3, 6, and 9 F/T cycles and only 
decreased 3 times at 6% wet of optimum moisture content (Viklander et al., 2000).  The 
columns packed at 29% moisture content may have been over saturated, surpassing the 
actual optimum moisture content, which may have subdued the effect of F/T cycling. 
 
The F/T cycling impacts on cumulative release of trace metals were not as consistent due 
to their dependence on pH and solubility.  F/T aging effects were most significant for the 
10 F/T cycle aged columns for arsenic release.  No significant effects of F/T cycling were 
observed on the release of cadmium, copper, lead, and zinc from the continuously 
saturated columns. 
 
Batch/Column Tests Comparison 
The batch tests, in most cases, were in good agreement with the columns tests on a 
cumulative mass basis and could be used instead of column tests depending on the 
constituents of concern.  Leaching during column testing caused a depletion of salts, 
however, causing the leachate concentration of sodium and potassium to be lower at 
similar LS ratios for the column tests compared to the batch tests.  Leachate 
concentrations of cadmium, copper, lead, and zinc from column testing were less than or 
close to the solubility obtained from batch testing.  
 
Rapid F/T Cycling 
The columns that experienced rapid F/T cycling were in good agreement with the other 
columns packed at the same moisture content (29%).  The leachate pH obtained from 
rapid F/T cycling was consistently lower than that from the other columns.  No difference 
could be observed when comparing the results of calcium, potassium, sodium, chloride, 
cadmium, copper, lead, and zinc.  The release of sulfate was overall slightly higher from 
the columns experiencing rapid F/T cycling.  In addition, the release of arsenic from the 
columns experiencing rapid F/T cycling was somewhat greater, which was consistent 
with the increase in solubility as the pH decreased (the pH was lower in the columns aged 
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with rapid F/T cycling).  Results indicated that rapid F/T cycling consisting of 2 hours of 
freezing and 1 hour of thawing can be used to accelerate F/T testing instead of cycles 
consisting of 8 hours of freezing and 16 hours of thawing.  The use of more rapid F/T 
cycling would allow a greater number of cycles to be performed. 
 
Intermittent F/T Cycling 
Intermittent F/T cycling is more representative of field-like conditions.  The results from 
intermittent F/T cycling were not dramatically different than those from the columns that 
were continuously saturated.  The LFC material behaved similar to the construction 
debris (actual recycled concrete).  The release of sodium and potassium were lower in the 
intermittent columns.  The release of cadmium, copper, and lead were also slightly lower 
in the intermittent columns, which was, in most cases, consistent with the solubility 
decreasing as pH decreased (the pH was lower in the columns aged with intermittent F/T 
cycling). 
 
Conclusion 
F/T cycling seemed to cause consolidation of the LFC material, resulting in a lower 
release of the main material constituents (calcium, sodium, potassium, chloride, and 
sulfate).  This observation was more pronounced for the columns experiencing the 
maximum number of F/T cycles and for the columns with moisture contents below the 
optimum moisture content.  Additionally, more variability was observed in the columns 
with moisture contents below the optimum moisture content.  The 10 F/T cycle aged 
columns seemed to have macropores in some cases, while the 40 F/T cycle aged columns 
seemed to consolidate; therefore, no clear tendency was observed between the different 
levels of F/T aging.  Overall, no significant effect of F/T aging on the release of 
contaminants, other than arsenic, based on the number of F/T cycles examined was 
observed. 
 
Recommendations 
The degradation from F/T cycling may not be evident if the material being examined is 
packed at optimum moisture content (saturated moisture content).  In this research, the 
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effects of F/T cycling were more evident in columns with moisture contents lower than 
the optimum moisture content.  To perform tracer experiments, a tracer other than 
bromide could be used to achieve a higher recovery rate.  Rapid F/T cycling may be used 
to accelerate the aging process and allow for more cycles to be performed in a shorter 
period of time.  Additionally, any consolidation of fine particles that occurred as a result 
of F/T cycling in this research may not occur if the material tested is crushed to a 
homogeneous particle size (same gradation). 
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APPENDIX A - RAW DATA FROM TRACER EXPERIMENTS 
Moisture Content: 7%       
# F/T Cycles: 0 d       
Replicate A        
First Injection:   Mass tracer: 27.1 G  
   Tracer conc.: 255.4 mg/L  
   Time of injection: 0.3 d  
Second Injection:   Mass tracer: 124.4 g  
   Tracer conc.: 252.2 mg/L  
   Time of injection: 0.3 d  
       
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%00d-A-1 8.22 493.97 0.18 13.1 34.0 506.97 2.01 
T-LFC-07%00d-A-2 9.13 1063.56 0.39 13.0 27.0 368.19 1.36 
T-LFC-07%00d-A-3 10.44 1291.67 0.48 12.9 20.0 259.23  
T-LFC-07%00d-A-4 11.10 1414.48 0.52 12.8 18.0 226.26  
T-LFC-07%00d-A-5 12.16 1680.05 0.62 12.7 15.0 166.91  
T-LFC-07%00d-A-6 13.19 2496.93 0.92 12.6 12.0 175.83  
T-LFC-07%00d-A-7 14.09 2853.42 1.05 12.5 11.0 110.99  
T-LFC-07%00d-A-8 15.45 3277.33 1.21 12.5 11.0 107.88  
T-LFC-07%00d-A-9 16.15 3424.95 1.26 12.5 11.0 100.46  
T-LFC-07%00d-A-10 17.12 3939.02 1.45 12.3 10.0 87.75  
T-LFC-07%00d-A-11 18.07 4331.69 1.59 12.2 9.6 72.61  
T-LFC-07%00d-A-12 19.26 4753.58 1.75 12.4 9.5 68.12  
T-LFC-07%00d-A-13 20.18 5122.42 1.89 12.4 9.4 65.31  
Begin second injection       
T-LFC-07%00d-A-14 21.13 5458.05 2.01 12.4 8.8 62.57 21.13
T-LFC-07%00d-A-15 22.11 5898.4 2.17 12.4 8.8 57.04 1.24 
T-LFC-07%00d-A-16 23.04 6338.83 2.33 12.4 8.3 52.92 1.03 
T-LFC-07%00d-A-17 24.15 6860.62 2.53 12.4 8.2 49.64 0.84 
T-LFC-07%00d-A-18 25.24 7349.12 2.71 12.3 8.8 53.33 0.81 
T-LFC-07%00d-A-19 26.20 7586.91 2.79 12.4 8.0 48.28 0.67 
T-LFC-07%00d-A-20 27.27 8067.25 2.97 12.3 8.2 45.79 0.60 
T-LFC-07%00d-A-21 28.12 8500.43 3.13 12.4 8.0 40.80 0.54 
T-LFC-07%00d-A-22 29.11 8969.39 3.30 12.2 7.3 38.49 0.52 
T-LFC-07%00d-A-23 30.18 9502.86 3.50 12.4 7.3 37.10 0.50 
T-LFC-07%00d-A-24 31.12 9913.38 3.65 12.2 7.3 37.06 0.49 
T-LFC-07%00d-A-25 32.10 10354.23 3.81 12.3 6.8 33.63  
T-LFC-07%00d-A-26 33.12 10852.24 3.99 12.4 6.8 32.19  
T-LFC-07%00d-A-27 34.23 11228.19 4.13 12.4 6.8 31.70  
T-LFC-07%00d-A-28 35.08 11642.62 4.29 12.1 6.7 30.62  
T-LFC-07%00d-A-29 36.12 12205.46 4.49 12.0 7.8 30.24 0.55 
T-LFC-07%00d-A-30 37.10 12630.78 4.65 12.3 6.4 26.37  
T-LFC-07%00d-A-31 38.09 13145.96 4.84 12.4 7.0 27.95  
T-LFC-07%00d-A-32 39.02 13432.15 4.94 12.2 6.7 25.33  
T-LFC-07%00d-A-33 40.14 14090.03 5.19 12.1 6.7 24.93 0.39 
T-LFC-07%00d-A-34 41.20 14687.38 5.41 11.9 6.7 26.10  
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Moisture Content: 7% First Injection: Mass tracer: 44.29 g 
# F/T Cycles: 0 d    Tracer conc.: 257.38 mg/L 
Replicate B     
Time of 
injection: 0.2 d 
   Second Injection: Mass tracer: 126.48 g 
    Tracer conc.: 252.81 mg/L 
    
Time of 
injection: 0.3 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%00d-B-1 5.95 385.15 0.14     
T-LFC-07%00d-B-2 6.95 749.61 0.28 13.1 36.0 526.5 7.1 
T-LFC-07%00d-B-3 7.87 1006.88 0.37 13.0 26.0 336.4 0.6 
T-LFC-07%00d-B-4 9.18 1344.29 0.49 12.8 19.0 224.9 0.9 
T-LFC-07%00d-B-5 9.84 1698.67 0.63 12.8 17.0 199.6  
T-LFC-07%00d-B-6 10.90 2116.98 0.78 12.7 15.0 153.2  
T-LFC-07%00d-B-7 11.91 2614.53 0.96 12.6 12.0 108.7  
T-LFC-07%00d-B-8 12.93 3005.24 1.11 12.6 11.0 93.9  
T-LFC-07%00d-B-9 13.83 3325.52 1.22 12.5 11.0 86.3  
T-LFC-07%00d-B-10 15.18 3638.7 1.34 12.5 10.0 74.5  
T-LFC-07%00d-B-11 15.89 4059.05 1.49 12.5 11.0 73.6  
T-LFC-07%00d-B-12 16.86 4549.71 1.67 12.3 9.4 58.6  
T-LFC-07%00d-B-13 17.81 5626.92 2.07 12.7 9.5 39.2  
T-LFC-07%00d-B-14 19.92 5768.55 2.12 12.2 9.0 47.5  
Begin second injection       
T-LFC-07%00d-B-15 20.87 6140.44 2.26 12.2 8.8 131.4 0.6 
T-LFC-07%00d-B-16 21.85 6596.69 2.43 12.2 8.6 41.7 0.7 
T-LFC-07%00d-B-17 22.78 6960.29 2.56 12.3 8.8 43.4 0.6 
T-LFC-07%00d-B-18 23.88 7486.86 2.76 12.1 7.9 35.6 0.5 
T-LFC-07%00d-B-19 24.97 7914.84 2.91 12.0 7.7 31.6  
T-LFC-07%00d-B-20 25.93 8365 3.08 12.2 7.5 29.4 0.7 
T-LFC-07%00d-B-21 27.01 9019.61 3.32 12.1 7.2 26.6  
T-LFC-07%00d-B-22 27.85 9181.21 3.38 12.0 7.0 25.6 0.6 
T-LFC-07%00d-B-23 28.85 9664.35 3.56 12.1 6.8 23.0 0.5 
T-LFC-07%00d-B-24 29.92 10182.53 3.75 12.3 6.1 23.8 0.5 
T-LFC-07%00d-B-25 30.85 10604.71 3.90 12.1 6.4 22.6  
T-LFC-07%00d-B-26 31.84 11074.82 4.08 12.2 6.0 21.2 0.4 
T-LFC-07%00d-B-27 32.86 11594.24 4.27 12.0 6.0 20.6  
T-LFC-07%00d-B-28 34.81 12358.54 4.55 12.1 5.8 19.5  
T-LFC-07%00d-B-29 34.81 12941.66 4.76 12.0 5.1 17.4  
T-LFC-07%00d-B-30 35.86 13469.81 4.96 12.0 5.3 15.8  
T-LFC-07%00d-B-31 36.84 13799.48 5.08 12.0 6.5 19.9  
T-LFC-07%00d-B-32 37.82 14075.04 5.18 12.3 5.7 19.1  
T-LFC-07%00d-B-33 38.76 14694.6 5.41 11.8 4.0 15.4  
T-LFC-07%00d-B-34 39.87 15318.94 5.64 12.0 5.3 14.9 0.4 
T-LFC-07%00d-B-35 40.94 15580.85 5.74 12.0 5.7 17.3 0.4 
T-LFC-07%00d-B-36 41.85 16026.71 5.90 12.0 5.1   
T-LFC-07%00d-B-37 42.81 16422.59 6.05 12.2 5.4   
T-LFC-07%00d-B-38 43.87 17017.35 6.26     
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Moisture Content: 7% First Injection: Mass tracer: 189.6 g 
# F/T Cycles: 10 d    Tracer conc.: 242.6 mg/L 
Replicate A     
Time of 
injection: 0.3 d 
   Second Injection: Mass tracer: 145.9 g 
    Tracer conc.: 386.1 mg/L 
    
Time of 
injection: 0.3 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%10d-A-1 2.08 288.22 0.11 13.2 39.0 213.24 3.47 
T-LFC-07%10d-A-2 3.02 567.24 0.21 13.1 34.0 602.95 1.70 
T-LFC-07%10d-A-3 4.13 1112.4 0.41 12.9 22.0 368.73 1.26 
T-LFC-07%10d-A-4 5.20 1677.99 0.62 12.7 16.0 236.42 0.81 
T-LFC-07%10d-A-5 6.11 1802.58 0.66 12.7 16.0 228.68 0.77 
T-LFC-07%10d-A-6 7.07 2224.98 0.82 12.7 12.0 164.35  
T-LFC-07%10d-A-7 8.13 2600.09 0.96 12.7 11.0 145.66 0.41 
T-LFC-07%10d-A-8 9.43 3095.99 1.14 12.7 10.0 122.85 0.45 
T-LFC-07%10d-A-9 10.01 3168.94 1.17 12.6 9.9 114.66  
T-LFC-07%10d-A-10 12.26 3275.84 1.21 12.6 9.2 92.30  
T-LFC-07%10d-A-11 13.08 3622.59 1.33 12.4 8.6 79.77  
T-LFC-07%10d-A-12 14.09 3987.15 1.47 12.5 8.2 72.98  
T-LFC-07%10d-A-13 15.05 4373.66 1.61 12.4 7.7 68.58  
T-LFC-07%10d-A-14 18.05 4587.53 1.69     
T-LFC-07%10d-A-15 19.30 4689.11 1.73   76.84  
T-LFC-07%10d-A-16 22.02 4870.07 1.79 11.4 6.7 45.47  
T-LFC-07%10d-A-17 22.98 4948.91 1.82 12.0  49.16  
T-LFC-07%10d-A-18 23.99 5477.57 2.02 11.5 6.2 41.97 0.46 
T-LFC-07%10d-A-19 25.51 6425.36 2.37 11.4 5.9 35.12 1.36 
T-LFC-07%10d-A-20 28.20 6541.68 2.41 11.4 6.5 36.17 1.97 
T-LFC-07%10d-A-21 29.01 6878.48 2.53 11.4 5.8 31.73 1.54 
T-LFC-07%10d-A-22 29.97 7400.93 2.72 11.4 5.7 28.13 1.70 
T-LFC-07%10d-A-23 31.02 7689.55 2.83 11.4 5.4 25.31  
T-LFC-07%10d-A-24 31.99 7975.01 2.94 12.1 5.4 23.60 0.96 
T-LFC-07%10d-A-25 32.97 8260.24 3.04 11.9 4.6 22.62 0.84 
T-LFC-07%10d-A-26 35.98 8553.36 3.15 12.1 6.1 24.78 0.74 
T-LFC-07%10d-A-27 37.05 8596.29 3.16 12.0 5.7 20.65 0.64 
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Moisture Content: 7% First Injection: Mass tracer: 148.43 g 
# F/T Cycles: 10 d    Tracer conc.: 244.35 mg/L 
Replicate B     
Time of 
injection: 0.3 d 
   Second Injection: Mass tracer: 143.7 g 
    Tracer conc.: 390.57 mg/L 
    
Time of 
injection: 0.3 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%10d-B-1 3.02 315.06 0.12 13.1 39.0 695.68 2.11 
T-LFC-07%10d-B-2 4.13 860.74 0.32 13.0 27.0 484.73 1.30 
T-LFC-07%10d-B-3 5.20 1406.88 0.52 12.9 21.0 343.30 0.70 
T-LFC-07%10d-B-4 6.11 1722.25 0.63 12.8 18.0 265.36 0.43 
T-LFC-07%10d-B-5 7.07 2111.78 0.78 12.8 14.0 207.79 0.54 
T-LFC-07%10d-B-6 8.13 2465.82 0.91 12.8 13.0 178.66 0.43 
T-LFC-07%10d-B-7 9.43 2931.31 1.08 12.6 12.0 153.51 0.97 
T-LFC-07%10d-B-8 10.01 3000.40 1.10 12.6 11.0 144.92 1.06 
T-LFC-07%10d-B-9 12.26 3106.26 1.14 12.5 11.0 118.55  
T-LFC-07%10d-B-10 13.08 3437.56 1.27 12.5 9.8 105.71 0.93 
T-LFC-07%10d-B-11 14.09 3782.41 1.39 12.4 9.7 95.69  
T-LFC-07%10d-B-12 15.05 4147.48 1.53 12.5 9.5 89.26 0.73 
T-LFC-07%10d-B-13 18.05 4424.32 1.63 12.3 9.3 89.10 0.20 
T-LFC-07%10d-B-14 19.30 5020.13 1.85 12.3 8.9 83.67 0.42 
T-LFC-07%10d-B-15 21.02 5149.56 1.90 12.3 9.1 77.79  
T-LFC-07%10d-B-16 21.98 5309.00 1.95   57.73 0.62 
Begin second injection       
T-LFC-07%10d-B-17 22.99 5873.03 2.16 11.6 7.8 52.21 0.38 
T-LFC-07%10d-B-18 24.01 6299.22 2.32 12.2 7.8 49.63 2.59 
T-LFC-07%10d-B-19 24.51 6820.06 2.51 12.2 6.9 47.46  
T-LFC-07%10d-B-20 27.20 6931.21 2.55 12.0 7.2 40.98 2.63 
T-LFC-07%10d-B-21 28.01 7281.68 2.68 11.5 7.1 39.96 1.11 
T-LFC-07%10d-B-22 28.97 7755.44 2.85 12.0 6.8 37.27 2.06 
T-LFC-07%10d-B-23 30.02 8093.71 2.98 12.2 6.7 33.78 1.61 
T-LFC-07%10d-B-24 30.99 8418.20 3.10 11.4 6.8 33.35 1.47 
T-LFC-07%10d-B-25 31.97 8738.75 3.22 11.5 7.1 35.24 1.88 
T-LFC-07%10d-B-26 36.05 8768.65 3.23   36.49 1.92 
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Moisture Content: 7% First Injection: Mass tracer: 144.77 g 
# F/T Cycles: 20 d    Tracer conc.: 243.55 mg/L 
Replicate A     
Time of 
injection: 0.3 d 
       
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%20d-A-1 6.11 306.74 0.11 13.2 36.0 542.73 17.72 
T-LFC-07%20d-A-2 7.13 721.92 0.27 13.0 28.0 417.49 7.86 
T-LFC-07%20d-A-3 8.03 1067.91 0.39 12.9 23.0 330.19 5.95 
T-LFC-07%20d-A-4 9.39 1473.12 0.54 12.8 18.0 251.80 4.29 
BEGAN LEAKING        
 
 
Moisture Content: 7% First Injection: Mass tracer: 139.04 g 
# F/T Cycles: 20 d    Tracer conc.: 243.34 mg/L 
Replicate B     
Time of 
injection: 0.3 d 
  Second Injection: Mass tracer: 106.75 g 
    Tracer conc.: 248.39 mg/L 
    
Time of 
injection: 0.3 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%20d-B-1 6.11 302.35 0.11 13.2 35.0 521.70 7.90 
T-LFC-07%20d-B-2 7.13 661.18 0.24  29.0 419.07 5.77 
T-LFC-07%20d-B-3 8.03 961.36 0.35 12.9 24.0 346.36 5.26 
T-LFC-07%20d-B-4 9.58 1340.75 0.49 12.8 19.0 269.53 3.40 
T-LFC-07%20d-B-5 10.56 1487.64 0.55 12.7 18.0 240.48 2.90 
T-LFC-07%20d-B-6 11.53 1580.82 0.58 12.7 18.0 233.83 4.27 
T-LFC-07%20d-B-7 12.62 1911.46 0.70 12.8 15.0 195.78 2.54 
T-LFC-07%20d-B-8 13.63 2274.90 0.84 12.7 14.0 168.09 0.60 
T-LFC-07%20d-B-9 14.58 2587.29 0.95 12.7 12.0 146.77 0.54 
T-LFC-07%20d-B-10 15.56 2889.38 1.06 12.4 12.0 44.35  
T-LFC-07%20d-B-11 16.52 3268.21 1.20 12.5 11.0 119.39 0.37 
T-LFC-07%20d-B-12 17.54 3642.63 1.34 12.4 10.0 106.52 0.50 
Begin second injection       
T-LFC-07%20d-B-13 18.63 4084.80 1.50 12.5 9.6 97.71 1.62 
T-LFC-07%20d-B-14 19.18 4587.92 1.69 12.5 9.1 88.62 1.14 
T-LFC-07%20d-B-15 20.14 4935.15 1.82 12.5 8.8 83.92 1.09 
T-LFC-07%20d-B-16 21.21 5252.59 1.93 12.5 8.5 78.50 0.85 
T-LFC-07%20d-B-17 22.06 5610.81 2.07 12.4 8.4 74.37 0.47 
T-LFC-07%20d-B-18 23.05 5999.71 2.21 12.4 8.4 70.28  
T-LFC-07%20d-B-19 24.12 6442.82 2.37 12.4 7.9 68.13  
T-LFC-07%20d-B-20 25.06 6788.84 2.50 12.3 7.3 64.85  
T-LFC-07%20d-B-21 26.04 7034.70 2.59 12.4 7.7 62.61  
T-LFC-07%20d-B-22 27.06 7455.80 2.74 12.4 7.2 59.17  
T-LFC-07%20d-B-23 28.17 8005.20 2.95 12.2 7.4 56.73 0.56 
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Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%20d-B-24 29.02 8124.21 2.99 12.4 6.9 54.05  
T-LFC-07%20d-B-25 30.06 8611.51 3.17 12.4 7.1 50.99  
T-LFC-07%20d-B-26 31.04 9052.24 3.33 12.4 7.1 49.11 0.57 
T-LFC-07%20d-B-27 32.03 9530.63 3.51 12.2 6.7 47.28 0.33 
T-LFC-07%20d-B-28 32.96 9772.93 3.60 12.3 7.8 48.02  
T-LFC-07%20d-B-29 34.08 10289.97 3.79 12.4 7.2 44.31  
T-LFC-07%20d-B-30 35.14 10779.52 3.97 12.2 7.0 42.99  
T-LFC-07%20d-B-31 36.06 10874.20 4.00 12.0 7.4 44.16  
 
Moisture Content: 7% First Injection: Mass tracer: 80.89 g 
# F/T Cycles: 40 d    Tracer conc.: 43083.4 mg/L 
Replicate A     
Time of 
injection: 0.24 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%40d-A-1 7.097 172.65 0.06 12.701 35.0 940.80 425.99 
T-LFC-07%40d-A-2 8.068 368.5 0.14 12.705 30.0 759.94 330.20 
BEGAN LEAKING        
 
Moisture Content: 7% First Injection: Mass tracer: 74.92 g 
# F/T Cycles: 40 d    Tracer conc.: 41080.7 mg/L 
Replicate B     
Time of 
injection: 0.24 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-07%40d-B-1 6.175 834.27 0.31 12.801 40.0 1184.31 564.94 
T-LFC-07%40d-B-2 7.097 1084.15 0.40 12.697 37.0 1064.43 427.93 
T-LFC-07%40d-B-3 8.068 1294.05 0.48 12.581 20.0 417.99 390.41 
T-LFC-07%40d-B-4 9.035 1485.45 0.55 12.514 28.0  17.41 
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Moisture Content: 15% First Injection: Mass tracer: 80.00 g 
# F/T Cycles: 0 d    Tracer conc.: 100000 mg/L 
Replicate B     
Time of 
injection: 0.28 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-15%00d-A-1 3.484 121.27 0.04 13.1 39.0 1011.34 1327.50 
T-LFC-15%00d-A-2 7.094 222.07 0.08 13.1 39.0 932.99 1332.29 
T-LFC-15%00d-A-3 8.083 625.17 0.23 13.0 31.0 767.29 1061.78 
T-LFC-15%00d-A-4 11.094 1565.17 0.58 12.9 23.0 498.10 606.25 
T-LFC-15%00d-A-5 12.179 2005.80 0.74 12.7 19.0 367.06 420.14 
T-LFC-15%00d-A-6 13.198 2338.39 0.86 12.7 15.0 290.07 316.74 
T-LFC-15%00d-A-7 14.115 2708.39 1.00 12.7 15.0 246.21 265.39 
T-LFC-15%00d-A-8 14.964 2990.17 1.10 12.5 13.0 206.43 214.40 
T-LFC-15%00d-A-9 18.099 3886.94 1.43 12.1 12.0 147.67 145.44 
T-LFC-15%00d-A-10 19.135 4291.94 1.58 12.2 11.0 131.59 124.32 
T-LFC-15%00d-A-11 20.010 4591.94 1.69 12.0 11.0 128.02 123.74 
T-LFC-15%00d-A-12 21.125 5081.94 1.87 11.9 11.0 112.64 106.37 
T-LFC-15%00d-A-13 22.000 5376.94 1.98 11.8 9.6 104.74 98.12 
T-LFC-15%00d-A-14 29.021 7312.34 2.69 11.9 8.3 65.50 53.97 
T-LFC-15%00d-A-15 32.109 8003.37 2.95 11.9 9.7 61.95 54.14 
T-LFC-15%00d-A-16 33.047 8331.08 3.07 11.6 8.8 57.11 83.21 
T-LFC-15%00d-A-17 35.120 8737.87 3.22 11.7 8.1 52.57 38.71 
T-LFC-15%00d-A-18 35.969 9148.87 3.37 12.0 6.8 51.43 400.38 
T-LFC-15%00d-A-19 39.099 10418.87 3.84 12.0 6.8 45.56 33.80 
 
Moisture Content: 15% First Injection: Mass tracer: 162.53 g 
# F/T Cycles: 10 d    Tracer conc.: 244.43 mg/L 
Replicate A     
Time of 
injection: 0.3 d 
  Second Injection: Mass tracer: 135.38 g 
    Tracer conc.: 387.57 mg/L 
    
Time of 
injection: 0.3 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-15%10d-A-1 2.08 212.23 0.08 13.1 40.0 578.53 4.15 
T-LFC-15%10d-A-2 3.02 472.64 0.17 13.1 35.0 499.74 3.09 
T-LFC-15%10d-A-3 4.13 1024.25 0.38 12.9 25.0 398.88 1.87 
T-LFC-15%10d-A-4 5.20 1567.97 0.58 12.8 19.0 277.63 2.00 
T-LFC-15%10d-A-5 6.11 1881.09 0.69 12.6 16.0 225.21 1.79 
T-LFC-15%10d-A-6 7.07 2272.59 0.84 12.7 14.0 186.72 1.25 
T-LFC-15%10d-A-7 8.13 2621.56 0.97 12.8 12.0 161.27 1.52 
T-LFC-15%10d-A-8 9.43 3086.17 1.14 12.7 11.0 142.30 1.35 
T-LFC-15%10d-A-9 10.01 3153.62 1.16 12.4 11.0 136.35 1.35 
T-LFC-15%10d-A-10 12.26 3255.47 1.20 12.5 11.0 117.81 1.26 
T-LFC-15%10d-A-11 13.08 3572.81 1.32 12.5 10.0 110.34 1.24 
T-LFC-15%10d-A-12 14.09 3911.23 1.44 12.5 10.0 103.22 0.75 
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Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-15%10d-A-13 15.09 4257.64 1.57 12.5 9.7 97.23 0.95 
T-LFC-15%10d-A-14 17.11 4347.03 1.60 12.3 9.9 96.61 0.40 
T-LFC-15%10d-A-15 18.22 4642.54 1.71 12.3 10.0 100.07 0.82 
T-LFC-15%10d-A-16 19.30 4935.68 1.82 12.3 9.6 94.13 0.36 
T-LFC-15%10d-A-17 20.72 5321.28 1.96 12.3 9.2 89.82  
T-LFC-15%10d-A-18 21.11 5431.6 2.00 12.3 9.3 89.11  
T-LFC-15%10d-A-19 22.07 5834.61 2.15 11.9 9.1 84.36 1.13 
Begin second 
injection        
T-LFC-15%10d-A-20 22.10 6084.51 2.24 12.1 9.2 70.77 1.69 
T-LFC-15%10d-A-21 22.98 6253.32 2.30 11.5 8.0 66.02 0.95 
T-LFC-15%10d-A-22 23.99 6733.6 2.48 12.1 9.0 66.44 0.25 
T-LFC-15%10d-A-23 25.01 7242.33 2.67 12.1 9.0 64.89 0.49 
T-LFC-15%10d-A-24 26.01 7713.91 2.84 11.5 8.8 63.15  
T-LFC-15%10d-A-25 28.20 7840.05 2.89 12.2 8.9 58.87  
T-LFC-15%10d-A-26 29.01 8164.83 3.01 12.3 8.9 57.37  
T-LFC-15%10d-A-27 29.97 8668.02 3.19 11.5 8.5 55.23 0.54 
T-LFC-15%10d-A-28 31.02 9134.99 3.36 11.5 8.7 52.87  
T-LFC-15%10d-A-29 31.99 9598.97 3.53 12.1 9.0 49.50  
T-LFC-15%10d-A-30 32.97 10059.38 3.70 12.0 8.6 47.91 0.37 
T-LFC-15%10d-A-31 34.98 10532.14 3.88 12.4 8.6 45.97 0.34 
T-LFC-15%10d-A-32 36.05 11004.73 4.05 12.4 8.8 44.37  
 
 
Moisture Content: 15% First Injection: Mass tracer: 80.00 g 
# F/T Cycles: 40 d    Tracer conc.: 100000 mg/L 
Replicate A     
Time of 
injection: 0.28 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-15%40d-A-1 6.175 834.27 0.31 12.7 30.0 526.76 281.96 
T-LFC-15%40d-A-2 7.097 1034.15 0.38 12.5 26.0 475.55 243.96 
T-LFC-15%40d-A-3 8.068 1244.05 0.46 12.6 20.0 494.51 264.91 
T-LFC-15%40d-A-4 9.035 1435.45 0.53 12.5 20.0 427.84 217.45 
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Moisture Content: 29% First Injection: Mass tracer: 203.98 g 
# F/T Cycles: 0 d    Tracer conc.: 244.00 mg/L 
Replicate A     
Time of 
injection: 0.2 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%00d-A-1 2.16 296.24 0.11 13.1 130.0 557.57 3.31 
T-LFC-29%00d-A-2 3.12 592.47 0.22 13.1 110.0 477.27 2.40 
T-LFC-29%00d-A-3 4.10 815.98 0.30 13.0 95.0 379.31 1.72 
T-LFC-29%00d-A-4 5.10 1074.73 0.40 13.0 28.0 330.34 1.33 
T-LFC-29%00d-A-5 6.10 1439.79 0.53 12.9 21.0 277.62 1.30 
T-LFC-29%00d-A-6 7.05 1822.88 0.67 12.6 22.0 236.56 0.81 
T-LFC-29%00d-A-7 8.12 1928.74 0.71 12.8 19.0 197.55 128.61 
T-LFC-29%00d-A-8 9.12 2247.64 0.83 12.7 17.0 173.73 10.99 
T-LFC-29%00d-A-9 10.13 2567.98 0.95 12.7 16.0 154.05 11.63 
T-LFC-29%00d-A-10 11.10 2878.24 1.06 12.6 14.0 137.92 0.75 
T-LFC-29%00d-A-11 12.06 3066.31 1.13 12.6 14.0 133.76 0.73 
Begin second 
injection        
T-LFC-29%00d-A-12 13.06 3335.23 1.23 12.4 10.0 86.97  
T-LFC-29%00d-A-13 14.11 3687.36 1.36 12.1 9.7 81.36 0.47 
T-LFC-29%00d-A-14 15.12 4092.68 1.51 12.5 9.0   
T-LFC-29%00d-A-15 16.14 4441.56 1.63 12.3 9.0 70.60 0.75 
T-LFC-29%00d-A-16 17.04 4736.42 1.74 12.2 8.7 68.11 0.72 
T-LFC-29%00d-A-17 18.40 5090.28 1.87 12.4 8.7 67.25 0.64 
T-LFC-29%00d-A-18 19.10 5237.47 1.93 12.2 8.9 65.45 0.68 
T-LFC-29%00d-A-19 20.07 5583.87 2.06 12.3 8.9 62.21 0.56 
T-LFC-29%00d-A-20 21.03 5876.00 2.16 12.6 8.7 59.97 0.57 
T-LFC-29%00d-A-21 22.63 6248.32 2.30 12.4 8.5 56.18  
 
 
Moisture Content: 29% First Injection: Mass tracer: 59.80 g 
# F/T Cycles: 0 d    Tracer conc.: 394.42 mg/L 
Replicate A     
Time of 
injection: 0.2 d 
  Second Injection: Mass tracer: 69.11 g 
    Tracer conc.: 2900 mg/L 
    
Time of 
injection: 0.3 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%00d-B-1 2.48 145.97 0.05 13.5 38.0 682.44 3.16 
T-LFC-29%00d-B-2 4.01 432.12 0.16 13.4 28.0 543.26 2.11 
T-LFC-29%00d-B-3 5.16 687.69 0.25 13.3 28.0 394.79 1.67 
T-LFC-29%00d-B-4 6.08 924.62 0.34 13.3 24.0 425.81 1.34 
T-LFC-29%00d-B-5 7.07 1185.23 0.44 13.2 21.0 360.17 1.48 
T-LFC-29%00d-B-6 8.11 1452.23 0.53 13.2 18.0 309.26 0.91 
T-LFC-29%00d-B-7 9.23 1716.46 0.63 13.1 15.0 260.65 0.77 
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Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%00d-B-8 9.97 1907.79 0.70 13.0  235.89 1.30 
T-LFC-29%00d-B-9 12.61 2605.90 0.96 12.9 13.0 174.05 1.20 
T-LFC-29%00d-B-10 13.11 2671.48 0.98 12.8 12.0 163.62 1.13 
T-LFC-29%00d-B-11 14.09 2918.22 1.07 12.8 11.0 146.84 0.39 
T-LFC-29%00d-B-12 15.04 3180.90 1.17 12.8 10.0 132.67  
T-LFC-29%00d-B-13 16.06 3438.05 1.27 12.7 10.0 121.55 1.01 
T-LFC-29%00d-B-14 17.01 3676.36 1.35 12.6 9.4 112.73 0.30 
T-LFC-29%00d-B-15 19.21 4040.76 1.49 12.5 9.5 98.85 0.88 
T-LFC-29%00d-B-16 20.09 4284.30 1.58 12.6 9.5   
T-LFC-29%00d-B-17 21.15 4569.88 1.68 12.4 9.1   
T-LFC-29%00d-B-18 22.12 5895.48 2.17 12.6 8.7   
Begin second injection       
T-LFC-29%00d-B-23 35.02 6175.35 2.27 12.1 7.0   
T-LFC-29%00d-B-24 36.01 6432.81 2.37 12.0 6.7 59.18 7.69 
T-LFC-29%00d-B-25 37.08 6727.43 2.48 12.1 6.6 56.04 5.54 
T-LFC-29%00d-B-26 38.04 6961.22 2.56 12.1 6.6 54.00 2.80 
T-LFC-29%00d-B-27 40.99 7582.73 2.79 12.4 6.8 49.45 10.27 
T-LFC-29%00d-B-28 42.07 7877.73 2.90 11.4 6.3 47.11 2.75 
T-LFC-29%00d-B-29 43.03 8114.80 2.99 11.2 6.7 44.87  
T-LFC-29%00d-B-30 44.07 8396.43 3.09 11.3 6.0 45.08 2.81 
T-LFC-29%00d-B-31 45.06 8666.15 3.19 12.6 6.5 43.28 0.95 
T-LFC-29%00d-B-32 48.01 9300.57 3.42 12.1 6.7 40.66 2.05 
 
Moisture Content: 29% First Injection: Mass tracer: 164.33 g 
# F/T Cycles: 10 d    Tracer conc.: 355.47 mg/L 
Replicate A     
Time of 
injection: 0.3 d 
  Second Injection: Mass tracer: 144.64 g 
    Tracer conc.: 392.52 mg/L 
    
Time of 
injection: 0.3 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%10d-A-1 1.10 210.67 0.08 13.1 40.0 113.52  
T-LFC-29%10d-A-2 2.08 697.22 0.26 13.1 35.0 553.69  
T-LFC-29%10d-A-3 3.02 955.48 0.35 12.9 25.0 420.21  
T-LFC-29%10d-A-4 4.13 1490.73 0.55 12.8 19.0 325.81  
T-LFC-29%10d-A-5 5.20 2020.44 0.74 12.6 16.0 231.27  
T-LFC-29%10d-A-6 6.11 2334.93 0.86 12.7 14.0 186.50  
T-LFC-29%10d-A-7 7.07 2721.34 1.00 12.8 12.0 159.10  
T-LFC-29%10d-A-8 8.13 3061.23 1.13 12.7 11.0 143.99  
T-LFC-29%10d-A-9 9.43 3514.58 1.29 12.4 11.0 133.24  
T-LFC-29%10d-A-10 10.01 3514.58 1.29 12.5 11.0 129.53  
T-LFC-29%10d-A-11 12.26 3610.98 1.33 12.5 10.0 119.13  
T-LFC-29%10d-A-12 13.08 3931.09 1.45 12.5 10.0 113.23  
T-LFC-29%10d-A-13 14.09 4258.52 1.57 12.5 9.7 110.16  
T-LFC-29%10d-A-14 15.05 4618.25 1.70 12.3 9.9 104.80  
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Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%10d-A-15 17.11 4891.45 1.80 12.3 10.0 100.57  
T-LFC-29%10d-A-16 18.22 5193.01 1.91 12.3 9.6 99.34  
T-LFC-29%10d-A-17 19.30 5497.41 2.02 12.3 9.2 97.01  
T-LFC-29%10d-A-18 20.47 5617.66 2.07 12.3 9.3 93.53  
T-LFC-29%10d-A-19 21.11 6022.64 2.22 11.9 9.1 91.85  
T-LFC-29%10d-A-20 22.06 6422.71 2.36 12.1 9.2 87.62  
T-LFC-29%10d-A-21 22.10 6509.6 2.40 11.5 8.0 85.80  
T-LFC-29%10d-A-22 22.98 6902.48 2.54 12.1 9.0 80.34 15.84 
Begin second injection       
T-LFC-29%10d-A-23 23.99 7407.81 2.73 12.1 9.0 75.87  
T-LFC-29%10d-A-24 25.01 7958.41 2.93 11.5 8.8 72.34  
T-LFC-29%10d-A-25 26.01 8410.28 3.10 12.2 8.9 68.27  
T-LFC-29%10d-A-26 28.20 8510.18 3.13 12.3 8.9 63.26  
T-LFC-29%10d-A-27 29.01 8842.14 3.25 11.5 8.5 61.59  
T-LFC-29%10d-A-28 29.97 9365.56 3.45 11.5 8.7 60.32  
T-LFC-29%10d-A-29 31.02 9751.29 3.59 12.1 9.0 57.34  
T-LFC-29%10d-A-30 31.99 10135.16 3.73 12.0 8.6 55.39  
T-LFC-29%10d-A-31 32.97 10529.9 3.88 12.4 8.6 53.43  
T-LFC-29%10d-A-32 35.98 10568.93 3.89 12.4 8.8   
T-LFC-29%10d-A-33 37.05 10568.93 3.89   48.15  
 
 
Moisture Content: 29% First Injection: Mass tracer: 114.46 g 
# F/T Cycles: 10 d    Tracer conc.: 100000 mg/L 
Replicate B     
Time of 
injection: 0.29 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%10d-B-1 5.047 886.46 0.33 12.7 29.0 840.47 2315.56 
T-LFC-29%10d-B-2 6.083 1306.46 0.48 12.7 27.0 523.41 1039.38 
T-LFC-29%10d-B-3 6.958 1656.46 0.61 12.5 22.0 399.49 719.41 
T-LFC-29%10d-B-4 8.073 2126.46 0.78 12.4 18.0 472.67 23.81 
T-LFC-29%10d-B-5 8.948 2426.96 0.89 12.2 16.0 372.50 612.79 
T-LFC-29%10d-B-6 15.974 4403.77 1.62 12.2 14.0 315.83 497.12 
T-LFC-29%10d-B-7 19.057 5076.61 1.87 11.8 8.6 133.25 165.64 
T-LFC-29%10d-B-8 19.995 5415.86 1.99 11.9 8.6 123.57 152.90 
T-LFC-29%10d-B-9 20.943 5645.86 2.08 12.1 8.4 110.87 135.32 
T-LFC-29%10d-B-10 21.766 6034.87 2.22 11.8 8.6 106.80 128.33 
T-LFC-29%10d-B-11 22.927 6329.87 2.33 11.8 9.1 96.71 117.98 
T-LFC-29%10d-B-12 23.917 7427.97 2.73 11.9 8.1 91.12 110.86 
T-LFC-29%10d-B-13 25.813 7787.20 2.87 11.9 8.5 90.61 105.48 
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Moisture Content: 29% First Injection: Mass tracer: 77.77 g 
# F/T Cycles: 20 d    Tracer conc.: 46587.2 mg/L 
Replicate A     
Time of 
injection: 0.20 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%20d-A-1 2.995 165 0.06 12.7 41.0 949.69 452.40 
T-LFC-29%20d-A-2 6.130 1520.47 0.56 12.6 41.0 824.96 327.49 
T-LFC-29%20d-A-3 7.031 1810.47 0.67 12.7 34.0 738.19 23.44 
T-LFC-29%20d-A-4 10.161 2296.4 0.85 12.5 19.0 419.22 165.79 
T-LFC-29%20d-A-5 11.083 2638.81 0.97 12.1 7.7 80.41 86.98 
T-LFC-29%20d-A-6 12.054 3090.94 1.14 12.3 12.0 266.23 97.36 
T-LFC-29%20d-A-7 13.021 3551.41 1.31 12.2 11.0 208.20 73.74 
 
 
Moisture Content: 29% First Injection: Mass tracer: 85.36 g 
# F/T Cycles: 20 d    Tracer conc.: 45855 mg/L 
Replicate B     
Time of 
injection: 0.20 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%20d-B-1 1.755 86.09 0.03 12.6 38.0 805.30 485.00 
T-LFC-29%20d-B-2 4.115 420.64 0.15 12.6 31.0 625.20 348.40 
T-LFC-29%20d-B-3 5.057 710.64 0.26 12.3 23.0 607.36 37.85 
T-LFC-29%20d-B-4 6.130 1112.82 0.41 12.3 22.0 487.02 251.03 
T-LFC-29%20d-B-5 7.031 1402.82 0.52 12.2 18.0 402.48 196.88 
T-LFC-29%20d-B-6 11.094 2651.13 0.98 12.4 16.0 335.31 129.16 
 
 
Moisture Content: 29% First Injection: Mass tracer: 73.74 g 
# F/T Cycles: 40 d    Tracer conc.: 40264 mg/L 
Replicate A     
Time of 
injection: 0.24 d 
Sample ID 
Sample 
Time (d) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Conductivity 
(mS/cm) 
Chloride 
(mg/L) 
Bromide 
(mg/L) 
T-LFC-29%40d-A-1 1.502 150 0.06 12.8 48.0 815.58 494.30 
T-LFC-29%40d-A-2 3.045 925 0.34 12.6 41.0 825.10 476.90 
T-LFC-29%40d-A-3 5.175 1005.81 0.37 12.7 27.0 563.81 7.87 
T-LFC-29%40d-A-4 7.097 1254.38 0.46 12.6 24.0 495.07 7.64 
T-LFC-29%40d-A-5 8.068 1459.05 0.54 12.8 30.0  7.88 
T-LFC-29%40d-A-6 9.035 1733.05 0.64 12.5 18.0 365.00 156.08 
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APPENDIX B - FLOW DATA FROM TRACER EXPERIMENTS 
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APPENDIX C – RAW DATA FROM LEACHING EXPERIMENTS 
 
Moisture Content: 7%               
# of F/T Cycles: 0 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%00d-A-1 3.01 146.06 0.05 13.6 48.0 0.83 0.07 1.35 8.82 0.41 3070 291 4180 836.35 772.8 
L-LFC-07%00d-A-2 3.96 416.82 0.15 13.6 46.0 0.36 0.02 1.11 6.58 0.21 2540 268 3420 717.65 570.7 
L-LFC-07%00d-A-3 4.29 515.45 0.19 13.3 41.0 0.38 0.02 0.92 5.92 0.19 2150 307 2790 592.30 388.8 
L-LFC-07%00d-A-4 10.19 2119.24 0.78 13.1 16.0 0.05 0.01 0.30 3.53 0.10 841 489 1070 276.80 78.67 
L-LFC-07%00d-A-5 10.97 2322.56 0.85 12.9 14.0 0.05 0.01 0.19 2.18 0.09 457 649 648 175.13 29.46 
L-LFC-07%00d-A-6 11.95 2593.18 0.95 12.9 13.0 0.03 0.01 0.19 2.71 0.07 444 667 556 150.19 22.67 
L-LFC-07%00d-A-7 22.01 5175.39 1.91 12.6 8.9 0.02 0.00 0.10 2.03 0.06 158 2690 248 62.24 7.61 
L-LFC-07%00d-A-8 53.24 13411.76 4.94 12.1 7.3 0.02 0.00 0.05 1.44 0.04 0.87 731 77   
                
                
Moisture Content: 7%               
# of F/T Cycles: 0 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%00d-B-1 3.01 227.53 0.08 13.4 44.0 0.12 0.02 1.35 9.02 0.26 2190 188 3770 655.26 305.9 
L-LFC-07%00d-B-2 3.96 515.69 0.19 13.2 39.0 0.05 0.02 1.11 7.06 0.20 1680 790 2890 547.45 199.1 
L-LFC-07%00d-B-3 4.29 618.03 0.23 13.4 37.0 0.07 0.01 0.92 5.52 0.14 1300 222 2230 460.93 130.7 
L-LFC-07%00d-B-4 10.97 839.32 0.31 12.6 13.0 0.01 0.00 0.30 3.39 0.06 481 679 832 160.14 13.81 
L-LFC-07%00d-B-5 11.95 2755.07 1.01 12.7 13.0 0.01 0.00 0.19 2.42 0.06 302 946 531 142.82 11.68 
L-LFC-07%00d-B-6 22.01 5511.69 2.03 12.5 9.1 0.00 0.00 0.19 1.84 0.05 78.4 696 178 72.45 5.41 
L-LFC-07%00d-B-7 53.24 14067.56 5.18 12.6 5.6 0.01 0.00 0.10 1.22 0.04 12.2 834 65.2   
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Moisture Content: 7%               
# of F/T Cycles: 10 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%10d-A-1 4.25 159.71 0.06 13.3 39.0 0.72 0.019 0.92 8.63 0.35 2270 510 4430 906.7 355.6 
L-LFC-07%10d-A-2 4.99 394.23 0.15 13.4 34.0 0.88 0.015 0.83 7.77 0.29 2040 526 3940 821.3 275.3 
L-LFC-07%10d-A-3 5.29 490.12 0.18 13.3 34.0 0.79 0.014 0.72 7.06 0.25 1700 578 3250 736.2 214.3 
L-LFC-07%10d-A-4 5.95 701.25 0.26 13.2 29.0 0.86 0.012 0.64 6.41 0.21 1500 567 2880 693.7 173.5 
L-LFC-07%10d-A-5 9.10 1653.01 0.61 12.9 19.0 1.19 0.007 0.39 4.33 0.17 920 675 1650 414.5 54.6 
L-LFC-07%10d-A-6 13.08 2778.81 1.02 12.6 13.0 0.05 0.005 0.19 3.14 0.08 426 643 886 236.3 20.3 
L-LFC-07%10d-A-7 25.28 6328.42 2.33 12.2 8.4 0.03 0.002 0.08 2.26 0.06 50 619 161 65.2  
L-LFC-07%10d-A-8 53.26 13209.44 4.86 12.0 7.6 0.03 0.002 0.05 1.89 0.05 6 565 88.5 34.9  
                
                
Moisture Content: 7%               
# of F/T Cycles: 10 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%10d-B-1 4.25 126.41 0.05 13.3 42.0 0.82 0.024 1.00 7.87 0.43 2270 490 4370 925.8 391.6 
L-LFC-07%10d-B-2 4.99 372.02 0.14 13.4 36.0 0.86 0.015 0.86 8.00 0.29 2210 518 4190 822.9 312.1 
L-LFC-07%10d-B-3 5.29 464.03 0.17 13.3 34.0 0.81 0.014 0.78 6.92 0.26 1720 552 3310 732.2 232.3 
L-LFC-07%10d-B-4 5.95 655.89 0.24 13.2 30.0 0.99 0.011 0.67 6.43 0.22 1570 549 2970 690.1 190.7 
L-LFC-07%10d-B-5 9.10 1649.40 0.61 12.9 20.0 1.30 0.008 0.41 4.40 0.14 963 697 1740 415.1 61.2 
L-LFC-07%10d-B-6 13.08 2809.82 1.03 12.6 13.0 0.04 0.005 0.19 2.95 0.08 418 601 873 223.5 20.2 
L-LFC-07%10d-B-7 25.28 6274.63 2.31 12.6 8.4 0.03 0.000 0.09 2.24 0.05 61 604 179 65.8  
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Moisture Content: 7%               
# of F/T Cycles: 20 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%20d-A-1 4.99 850.72 0.31 13.1 29.0 0.72 0.032 1.54 4.96 0.66 1320 402 2600 605.1 164.2 
L-LFC-07%20d-A-2 5.26 941.15 0.35 13.0 28.0 0.14 0.010 1.38 5.76 0.37 1180 474 2280 516.7 96.6 
L-LFC-07%20d-A-3 5.95 1204.69 0.44 13.0 24.0 0.13 0.011 0.95 5.18 0.35 1110 484 1930 470.8 74.7 
L-LFC-07%20d-A-4 6.37 1346.85 0.50 12.8 23.0 0.10 0.009 0.82 5.49 0.23 1130 545 1950 417.0 58.4 
L-LFC-07%20d-A-5 12.28 3454.80 1.27 12.6 10.0 0.04 0.004 0.26 3.02 0.07 296 666 644 175.9 13.6 
L-LFC-07%20d-A-6 19.34 5668.09 2.09 12.3 7.8 0.01 0.004 0.10 2.47 0.06 78.8 722 252 104.7 7.5 
L-LFC-07%20d-A-7 43.33 13761.09 5.07 11.9 7.3           
                
                
Moisture Content: 7%               
# of F/T Cycles: 20 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%20d-B-1 5.26 61.35 0.02 13.5 65.0 0.68 0.029 1.79 12.50 0.67 3040 339 5830 1241.0 676.9 
L-LFC-07%20d-B-2 5.95 319.84 0.12 13.4 52.0 0.16 0.017 1.41 10.80 0.44 2650 288 5130 1012.6 441.4 
L-LFC-07%20d-B-3 6.37 456.39 0.17 13.3 44.0 0.13 0.014 1.09 9.69 0.34 2310 393 4500 823.5 294.3 
L-LFC-07%20d-B-4 6.98 685.88 0.25 13.3 33.0 0.06 0.012 0.90 6.81 0.26 1670 342 3240 701.8 212.3 
L-LFC-07%20d-B-5 9.28 1458.45 0.54 12.9 18.0 0.03 0.003 0.30 4.14 0.12 869  1560 340.3 47.0 
L-LFC-07%20d-B-6 13.04 2855.46 1.05 12.6 11.0 0.01 0.005 0.15 3.12 0.07 369   115.9  
L-LFC-07%20d-B-7 43.33 12760.46 4.70 11.9 7.4         27.6  
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Moisture Content: 7%               
# of F/T Cycles: 40 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%40d-A-1 4.25 335.01 0.12 13.5 36.0 0.34 0.030 0.56 8.57 0.20 1760 193 3020 595.5 254.9 
L-LFC-07%40d-A-2 4.97 558.22 0.21 13.2 30.0 0.27 0.024 0.49 7.75 0.17 1610 236 2740 438.8 163.0 
L-LFC-07%40d-A-3 7.19 1245.63 0.46 13.2 21.0 0.12 0.013 0.29 5.24 0.09 1020 335 1710 318.1 51.8 
L-LFC-07%40d-A-4 7.95 1478.11 0.54 13.2 20.0 0.11 0.012 0.27 4.56 0.09 845 341 1420 285.4 41.8 
L-LFC-07%40d-A-5 12.30 2560.60 0.94 12.6 12.0 0.04 0.006 0.15 3.16 0.06 339 519 599 146.7 13.5 
L-LFC-07%40d-A-6 12.95 2755.41 1.01 12.7 13.0 0.04 0.008 0.15 2.83 0.06 342 499 481 135.8 12.5 
L-LFC-07%40d-A-7 21.95 5400.98 1.99 12.4 8.7 0.03 0.004 0.10 2.40 0.05 81.8 652 194 73.3 6.3 
L-LFC-07%40d-A-8 43.13 10939.11 4.03 12.1 7.8 0.03 0.002 0.08 1.79 0.05 12 569 80.5 41.4 3.9 
L-LFC-07%40d-A-9 53.33 13615.77 5.01 12.3 8.5 0.03 0.002 0.07 2.67 0.05 24 953 81.4 33.5 3.4 
L-LFC-07%40d-A-10 83.20 21226.67 7.81 11.6 6.6 0.02 0.002 0.05 1.57 0.05 4.85 694 60.8 21.0 2.6 
L-LFC-07%40d-A-11 110.2 28797.66 10.60 12.2 6.7 0.02 0.005 0.06 1.76 0.05 1760 1100 133 15.9 2.3 
                
Moisture Content: 7%               
# of F/T Cycles: 40 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%40d-B-1 4.25 294.39 0.11 13.3 44.0 0.54 0.044 0.78 7.34 0.29 1450 140 2490 715.0 357.4 
L-LFC-07%40d-B-2 4.98 506.35 0.19 13.5 37.0 0.30 0.029 0.60 9.34 0.20 1900 257 3240 580.4 221.1 
L-LFC-07%40d-B-3 5.27 608.02 0.22 13.5 34.0 0.23 0.025 0.53 7.81 0.18 1520 262 2550 490.5 152.7 
L-LFC-07%40d-B-4 7.19 1189.42 0.44 13.0 22.0 0.10 0.020 0.36 5.22 0.10 883 351 1500 331.6 52.8 
L-LFC-07%40d-B-5 7.95 1424.64 0.52 13.0 21.0 0.09 0.013 0.30 4.80 0.10 795 366 1340 298.1 42.9 
L-LFC-07%40d-B-6 12.30 2632.71 0.97 12.6 12.0 0.04 0.005 0.14 3.13 0.06 348 569 481 133.7 12.1 
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Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%40d-B-7 12.95 2823.63 1.04 12.6 12.0 0.03 0.004 0.12 2.87 0.05 290 536 409 125.3 11.2 
L-LFC-07%40d-B-8 21.35 5306.01 1.95 12.4 8.8 0.02 0.002 0.09 2.21 0.05 68.3 620 176 66.1 6.0 
L-LFC-07%40d-B-9 43.13 11093.20 4.08 12.3 7.2 0.02 0.002 0.07 1.81 0.05 17.5 582 89.7 36.0 3.9 
L-LFC-07%40d-B-10 53.33 13812.44 5.08 12.4 7.6 0.03 0.002 0.06 1.80 0.04 13.4 658 83.1 26.7 3.2 
L-LFC-07%40d-B-11 82.23 21662.02 7.97 11.5 6.2 0.03 0.001 0.05 1.24 0.03 7.28 484 68.1   
L-LFC-07%40d-B-12 103.2 27156.05 10.00 12.0 5.9 0.02 0.002 0.03 0.95 0.04 5.08 595 61.9 1.3  
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Moisture Content: 15%               
# of F/T Cycles: 0 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-15%00d-A-1 4.96 308.86 0.11 13.4 36.0 0.24 0.018 0.82 8.72 0.27 2110 678 4000 981.9 335.2 
L-LFC-15%00d-A-2 5.29 388.86 0.14   0.16 0.014 0.77 7.28 0.24 1740 692 3300 869.6 242.5 
L-LFC-15%00d-A-3 5.94 581.32 0.21 13.2 31.0 0.17 0.014 0.71 7.01 0.22 1640 707 3090 813.0 205.1 
L-LFC-15%00d-A-4 6.27 671.31 0.25 13.2 30.0 0.07 0.011 0.64 5.72 0.20 1350 652 2580 742.7 165.8 
L-LFC-15%00d-A-5 8.90 1293.58 0.48 13.0 22.0 0.06 0.008 0.46 5.27 0.15 1110 782 2110 544.2 80.7 
L-LFC-15%00d-A-6 18.94 3068.89 1.13 12.6 12.0 0.02 0.014 0.22 3.20 0.13 400 1040 811 243.1  
L-LFC-15%00d-A-7 28.08 5081.14 1.87 12.2 9.5 0.02 0.006 0.13 2.81 0.09 100 1260 287 147.3  
L-LFC-15%00d-A-8 40.28 8484.64 3.12 12.6 8.5 0.02 0.002 0.07 2.25 0.05 17.9 644 110 91.2 6.7 
L-LFC-15%00d-A-9 55.06 13041.16 4.80 12.3 9.4 0.02 0.004 0.07 2.66 0.07 9.29 784 107 68.9 5.7 
                
Moisture Content: 15%               
# of F/T Cycles: 0 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-07%20d-B-1 4.96 409.76 0.15 13.2 33.0 0.26 0.021 0.82 7.86 0.27 1880 702 3560 864.8 273.0 
L-LFC-07%20d-B-2 5.29 489.76 0.18   0.15 0.017 0.72 6.26 0.23 1490 655 2840 787.1 203.3 
L-LFC-07%20d-B-3 5.94 700.32 0.26 13.1 28.0 0.11 0.014 0.69 6.04 0.21 1440 678 2720 708.7 165.9 
L-LFC-07%20d-B-4 6.27 806.23 0.30 13.2 26.0 0.06 0.009 0.56 5.68 0.17 1340 684 2550 638.2 130.7 
L-LFC-07%20d-B-5 8.90 1443.74 0.53 13.0 19.0 0.05 0.007 0.40 4.43 0.12 1010 779 1760 446.4 59.5 
L-LFC-07%20d-B-6 18.94 3034.38 1.12 12.6 10.0 0.01 0.003 0.17 2.72 0.18 274 1010 585 196.0  
L-LFC-07%20d-B-7 28.95 5752.79 2.12 12.2 8.5 0.02 0.003 0.11 2.46 0.08 62.5 1150 212 121.3  
L-LFC-07%20d-B-8 40.28 8934.49 3.29 12.2 7.5 0.02 0.002 0.07 2.16 0.05 14 620 109 77.0 6.1 
L-LFC-07%20d-B-9 55.06 13707.44 5.05 12.3 8.1 0.02 0.003 0.09 2.14 0.06 7.81 639 94.6 59.9 5.1 
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Moisture Content: 15%               
# of F/T Cycles: 10 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-15%10d-A-1 4.25 78.34 0.03 13.3 36.0 0.176 0.024 1.09 6.25 0.28 1850 478 3530 682.9  
BEGAN LEAKING                
                
Moisture Content: 15%               
# of F/T Cycles: 10 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-15%10d-B-1 4.25 102.27 0.04 13.4 40.0 0.29 0.030 1.25 7.67 0.53 2170 464 4130 740.2 161.3 
L-LFC-15%10d-B-2 4.99 321.34 0.12 13.4 37.0 0.35 0.019 1.08 7.05 0.33 2060 490 3880 691.4 135.0 
L-LFC-15%10d-B-3 5.29 411.11 0.15 13.3 35.0 0.68 0.015 0.90 6.34 0.25 1840 514 3470 632.0 107.5 
L-LFC-15%10d-B-4 5.95 627.73 0.23 13.3 32.0 0.32 0.014 0.84 5.90 0.23 1700 541 3220 608.6 89.6 
L-LFC-15%10d-B-5 9.10 1492.32 0.55 12.9 22.0 1.03 0.008 0.48 4.16 0.20 1090 648 1940 386.7 32.3 
L-LFC-15%10d-B-6 13.95 2772.09 1.02 12.6 15.0 5.19 0.014 0.28 3.28 0.18 523 946 964 222.7 12.2 
L-LFC-15%10d-B-7 25.28 6024.58 2.22 12.3 9.0 0.02 0.003 0.09 2.51 0.06 67.4 674 196   
L-LFC-15%10d-B-8 53.26 13967.87 5.14 12.3 9.0 0.01 0.002 0.06 2.27 0.04 7.59 657 91   
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Moisture Content: 15%               
# of F/T Cycles: 20 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-15%20d-A-1 11.96 99.62 0.04 13.3 31.0 0.18 0.006 0.95 7.81 0.26 2020 149 3950 820.6 177.9 
L-LFC-15%20d-A-2 12.28 180.77 0.07 13.2 38.0 0.10 0.013 0.71 7.46 0.22 1600 163 2910 744.8 162.4 
L-LFC-15%20d-A-3 12.33 511.61 0.19 13.3 34.0 0.18 0.016 0.64 6.38 0.18 1280 194 2350 605.4 101.1 
L-LFC-15%20d-A-4 20.27 1982.43 0.73 12.6 14.0 0.04 0.003 0.19 2.82 0.06 459 379 690 235.9 14.3 
L-LFC-15%20d-A-5 27.17 4774.14 1.76 12.5 10.0 0.02 0.002 0.11 2.54 0.06 135 598 323 135.5 7.3 
L-LFC-15%20d-A-6 29.96 5492.14 2.02 12.3 9.5 0.02 0.002 0.10 2.39 0.06 79.2 616 219 73.6  
BEGAN LEAKING   3.68             
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Moisture Content: 15%               
# of F/T Cycles: 40 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-15%40d-A-1 4.25 327.18 0.12 13.2 33.0 0.29 0.021 0.62  0.18  904  422.3 79.6 
L-LFC-15%40d-A-2 4.98 554.06 0.20 13.1 29.0 0.20 0.014 0.53 1.17 0.14 1340 212 2310 350.1 51.8 
L-LFC-15%40d-A-3 7.19 1266.03 0.47 13.2 20.0 0.09 0.008 0.30 3.94 0.08 784 280 1350 242.9 19.5 
L-LFC-15%40d-A-4 7.95 1502.03 0.55 12.9 18.0 0.08 0.007 0.27 3.73 0.07 726 300 1240 227.6 17.3 
L-LFC-15%40d-A-5 12.30 2814.10 1.04 12.6 11.0 0.04 0.003 0.15 2.71 0.06 356 500 510 122.4 6.7 
L-LFC-15%40d-A-6 20.94 5432.42 2.00 12.5 9.1 0.03 0.002 0.11 2.44 0.05 80.6 708 191 74.4 4.0 
L-LFC-15%40d-A-7 21.35 5558.23 2.05 12.4 9.3 0.02 0.002 0.10 2.42 0.04 73.3 979 176 72.6 3.9 
L-LFC-15%40d-A-8 41.95 11218.04 4.13 12.6 8.0 0.03 0.002 0.10 2.14 0.05 13.2 2880 71.3 46.4 3.0 
L-LFC-15%40d-A-9 50.94 13675.65 5.03 12.6 8.7 0.03 0.002 0.10 2.17 0.05 9.88 973 66.2 39.1 2.8 
L-LFC-15%40d-A-10 82.23 22207.55 8.17 11.9 7.8 0.03 0.001 0.07 1.76 0.04   59.4   
L-LFC-15%40d-A-11 103.2 27849.46 10.25 12.1 6.8 0.02 0.002 0.05 1.30 0.05 4.21  59.1 19.5 2.1 
                
                
Moisture Content: 15%               
# of F/T Cycles: 40 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-15%40d-B-1 4.25 289.42 0.11 13.4 32.0 0.280 0.020 0.65 7.18 0.17 1620 195 2770 401.4 65.0 
L-LFC-15%40d-B-2 4.98 509.79 0.19 13.4 28.0 0.169 0.016 0.56 5.77 0.14 1300 204 2230 344.8 45.2 
L-LFC-15%40d-B-3 5.27 602.09 0.22 13.1 27.0 0.134 0.014 0.47 5.26 0.12 1160 283 2000 334.1 36.1 
L-LFC-15%40d-B-4 7.19 1208.64 0.44 13.0 20.0         243.6 18.5 
L-LFC-15%40d-B-5 7.95 1438.64 0.53 13.1 18.0 0.071 0.009 0.28 3.85 0.08 717 302 1250 226.9 16.2 
L-LFC-15%40d-B-6 12.30 2754.01 1.01 12.7 11.0 0.036 0.005 0.16 2.74 0.06 327 492 505 125.0 6.5 
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Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-15%40d-B-7 20.94 5376.15 1.98 12.4 9.0 0.022 0.002 0.10 2.49 0.05 81.3 684 195 76.8 4.0 
L-LFC-15%40d-B-8 21.35 5500.11 2.02 12.5 9.5 0.024 0.003 0.11 2.53 0.05 76.5 1010 185 75.5 4.0 
L-LFC-15%40d-B-9 41.95 11239.58 4.14 12.3 8.9 0.022 0.002 0.10 2.33 0.06 9.88 1050 72.3 46.9 3.1 
L-LFC-15%40d-B-10 49.94 13515.90 4.98 12.5 8.7 0.020 0.002 0.09 2.21 0.05 9.51 971 68.1 38.9 2.9 
L-LFC-15%40d-B-11 50.94 13804.87 5.08 12.5 9.5 0.020 0.001 0.09 2.25 0.05 9.47 983 67.3 38.6 2.9 
L-LFC-15%40d-B-12 79.17 21752.84 8.01 11.6 7.1 0.002 0.001 0.07 1.90 0.04 6.09 906 60.1   
L-LFC-15%40d-B-13 
103.2
1 28353.44 10.44 12.4 7.7 0.023 0.003 0.05 1.38 0.06 4.22 689 57.5 17.9 2.1 
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Moisture Content: 29%               
# of F/T Cycles: 0 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%00d-A-1 1.98 77.88 0.03 13.6 46.0 0.267 0.029 1.23 9.77 0.27 1950 332 3490 74.0 103.5 
L-LFC-29%00d-A-2 2.25 154.94 0.06 13.6 44.0 0.253 0.034 1.29 9.27 0.25 1860 333 3350 66.0 91.3 
L-LFC-29%00d-A-3 2.94 372.74 0.14 13.3 39.0 0.188 0.022 1.18 8.33 0.20 1680 351 2950 460.6 72.0 
L-LFC-29%00d-A-4 3.20 456.27 0.17 13.2 37.0 0.152 0.020 0.96 7.62 0.18 1540 355 2670 422.4 56.6 
L-LFC-29%00d-A-5 6.32 1355.84 0.50 12.9 21.0 0.048 0.009  4.57 0.09 793 554 1370 247.6 15.7 
L-LFC-29%00d-A-6 11.31 2849.40 1.05 12.6 14.0 0.025 0.004  3.10 0.07 286 755 506 124.7 5.5 
L-LFC-29%00d-A-7 20.31 5471.19 2.01 12.7 10.0 0.014 0.002  2.45 0.05 88.7 896 190 70.2 3.2 
L-LFC-29%00d-A-8 51.98 13779.50 5.07 12.4 9.2 0.018 0.002  1.84 0.05 10.2 845 65.7 31.6 2.1 
L-LFC-29%00d-A-9 83.22 22235.48 8.18 12.5 7.5 0.003 0.001 0.03 1.13 0.04 4.62 671 55.2 18.0 1.7 
L-LFC-29%00d-A-10 104.3 27952.33 10.29 12.0 7.0 0.016 0.003 0.04 1.51 0.06 11.2 1150 130 13.7 1.5 
                
Moisture Content: 29%               
# of F/T Cycles: 0 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%00d-B-1 1.98 86.03 0.03 13.3 46.0 0.253 0.034  9.27 0.25    76.8 101.1 
L-LFC-29%00d-B-2 2.25 179.95 0.07 13.3 43.0 0.229 0.028 1.25 8.83 0.24 1820 313 3160 68.3 86.1 
L-LFC-29%00d-B-3 2.94 391.22 0.14 13.6 39.0 0.196 0.025 1.20 8.35 0.22 1670 1000 2920 452.3 69.0 
L-LFC-29%00d-B-4 3.20 475.23 0.17 13.4 35.0 0.156 0.021 0.94 7.16 0.18 1450 342 2530 405.6 52.5 
L-LFC-29%00d-B-5 6.32 1371.52 0.50 13.1 21.0 0.059 0.010 0.49 4.33 0.10 817 468 1390 250.1 15.3 
L-LFC-29%00d-B-6 11.31 2788.27 1.03 12.7 14.0 0.019 0.004 0.19 2.79 0.06 284 685 504 122.3 5.3 
L-LFC-29%00d-B-7 20.31 5427.88 2.00 12.6 10.0 0.014 0.003 0.09 2.08 0.05 81.5 786 182 67.0 3.1 
L-LFC-29%00d-B-8 57.35 13488.36 4.97 12.1 6.9 0.016 0.002 0.05 1.82 0.05  1000 72.4 32.7 2.0 
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Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%00d-B-9 100.2 23788.68 8.76 12.2 6.8 0.004 0.000 0.05 1.66 0.05  1100  19.6 1.6 
L-LFC-29%00d-B-10 112.3 26758.3 9.85 12.6 6.5 0.004 0.001 0.04 1.64 0.06  1110  33.1  
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Moisture Content: 29%               
# of F/T Cycles: 10 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%10d-A-1 3.29 112.38 0.04 13.3 39.0 0.221 0.015 1.04 7.38 0.27 1890 312 3660 775.2 183.5 
L-LFC-29%10d-A-2 3.94 322.16 0.12 13.2 35.0 0.238 0.018 0.98 7.22 0.25 1780 333 3480 723.1 153.6 
L-LFC-29%10d-A-3 4.25 421.93 0.16 13.2 33.0 0.188 0.013 0.85 6.83 0.21 1700 355 3280 663.5 125.8 
L-LFC-29%10d-A-4 4.99 657.26 0.24 13.3 31.0 0.163 0.012 0.80 5.86 0.19 1430 345 2780 637.3 104.4 
L-LFC-29%10d-A-5 7.35 1393.95 0.51 13.0 21.0 0.074 0.006 0.44 4.15 0.11 983 422 1720 399.1 38.9 
L-LFC-29%10d-A-6 11.95 2790.43 1.03 12.6 13.0 0.031 0.005 0.23 3.03 0.08 456 595 831 223.1 14.7 
L-LFC-29%10d-A-7 22.28 5325.25 1.96 12.4 8.6 0.024 0.003 0.09 2.26 0.05 78.1 570 215 70.9  
L-LFC-29%10d-A-8 53.26 13298.78 5.25 12.1 9.0 0.016 0.002 0.07 2.34 0.06 9.03 658 93.6   
                
Moisture Content: 29%               
# of F/T Cycles: 10 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%10d-B-1 3.29 171.62 0.06 13.4 36.0 0.261 0.016 1.04 7.50 0.27 1870 321 3630 857.3 206.1 
L-LFC-29%10d-B-2 3.94 365 0.13 13.2 34.0 0.250 0.013 0.99 6.91 0.23 1740 326 3380 770.3 162.1 
L-LFC-29%10d-B-3 4.25 457.06 0.17 13.3 33.0 0.209 0.012 0.90 6.45 0.20 1610 337 3120 708.6 127.4 
L-LFC-29%10d-B-4 4.99 667.96 0.25 13.3 30.0 0.187 0.013 0.76 6.00 0.19 1490 353 2890 659.8 108.0 
L-LFC-29%10d-B-5 7.35 1334.69 0.49 13.0 20.0 0.089 0.006 0.44 3.90 0.11 942 395 1640 420.9 41.9 
L-LFC-29%10d-B-6 11.95 2149.81 0.79 12.7 17.0 0.054 0.006 0.31 3.48 0.09 658 503 1170 304.6 21.1 
L-LFC-29%10d-B-7 53.26 13244.29 4.88 12.0 9.0 0.025 0.002 0.06 2.10 0.05 7.43 616 92.8 39.0  
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Moisture Content: 29%               
# of F/T Cycles: 20 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%20d-A-1 3.29 112.38 0.04 13.3 39.0 0.221 0.015 1.04 7.38 0.27 1890 312 3660 775.2 183.5 
L-LFC-29%20d-A-2 3.94 322.16 0.12 13.2 35.0 0.238 0.018 0.98 7.22 0.25 1780 333 3480 723.1 153.6 
L-LFC-29%20d-A-3 4.25 421.93 0.16 13.2 33.0 0.188 0.013 0.85 6.83 0.21 1700 355 3280 663.5 125.8 
L-LFC-29%20d-A-4 4.99 657.26 0.24 13.3 31.0 0.163 0.012 0.80 5.86 0.19 1430 345 2780 637.3 104.4 
L-LFC-29%20d-A-5 7.35 1393.95 0.51 13.0 21.0 0.074 0.006 0.44 4.15 0.11 983 422 1720 399.1 38.9 
L-LFC-29%20d-A-6 11.95 2790.43 1.03 12.6 13.0 0.031 0.005 0.23 3.03 0.08 456 595 831 223.1 14.7 
L-LFC-29%20d-A-7 22.28 5325.25 1.96 12.4 8.6 0.024 0.003 0.09 2.26 0.05 78.1 570 215 70.9  
                
Moisture Content: 29%               
# of F/T Cycles: 20 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%20d-B-1 6.98 207.85 0.08 13.3 38.0 0.250 0.017 0.996 7.77 0.27 1970 319 3820 700.4 117.4 
L-LFC-29%20d-B-2 7.31 313.92 0.12 13.2 33.0 0.203 0.012 0.918 6.95 0.22 1720 329 3310 643.8 90.6 
L-LFC-29%20d-B-3 8.18 582.50 0.21 13.2 29.0 0.178 0.012 0.845 6.98 0.20 1540 338 2950 588.8 73.1 
L-LFC-29%20d-B-4 9.00 830.69 0.31 13.1 25.0 0.120 0.009 0.852 5.37 0.14 1290 364 2490 508.3 52.6 
L-LFC-29%20d-B-5 14.33 2820.42 1.04 12.8 13.0 0.023 0.004 0.301 2.99 0.07 506 556 921 213.5 11.1 
L-LFC-29%20d-B-6 22.29 4660.59 1.72 12.4 11.0 0.018 0.003 0.204 2.73 0.06 131 730 358 121.8 5.8 
L-LFC-29%20d-B-7 27.17 5602.83 2.06 12.3 9.6 0.016 0.004 0.104 2.94 0.06 104 831 302 118.1 5.5 
BEGAN LEAKING                
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Moisture Content: 29%               
# of F/T Cycles: 40 d               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%40d-A-1 1.93 106.81 0.04 13.5 44.0 0.207 0.030 1.15 8.02 0.26 1820 347 3130 518.8 72.8 
L-LFC-29%40d-A-2 2.25 207.59 0.08 13.5 41.0 0.257 0.029 1.01 7.25 0.21 1660 360 2850 482.5 68.1 
L-LFC-29%40d-A-3 2.92 410.70 0.15 13.3 35.0 0.194 0.026 0.67 7.46 0.18 1680 434 2870 443.5 56.5 
L-LFC-29%40d-A-4 3.27 522.73 0.19   0.154 0.022 0.59 6.49 0.16 1460 400 2510 397.9 44.3 
L-LFC-29%40d-A-5 5.92 1332.78 0.49 13.0 21.0 0.066 0.011 0.33 4.2 0.09 885 470 1540 264.4 17.4 
L-LFC-29%40d-A-6 6.92 1534.81 0.56 13.1 19.0 0.056 0.010 0.30 3.69 0.08 741 491 1280 239.0 14.3 
L-LFC-29%40d-A-7 11.34 2909.18 1.07 12.7 11.0 0.021 0.003 0.13 2.35 0.04 283 777 518 116.1 5.1 
L-LFC-29%40d-A-8 19.89 5450.90 2.01 12.4 9.0 0.018 0.002 0.10 2.54 0.04 92 1060 218 68.3 3.3 
L-LFC-29%40d-A-9 40.94 11070.30 4.08 12.5 7.0 0.021 0.001 0.09 2.25 0.05 13 994 79 43.7 2.5 
L-LFC-29%40d-A-10 49.94 13432.66 4.94 12.0 8.8 0.021 0.002 0.08 1.93 0.05 8 930 66 36.0 2.3 
L-LFC-29%40d-A-11 50.94 13691.21 5.04 12.4 9.0 0.018 0.001 0.07 2.08 0.04 9 942 70 37.0 2.3 
L-LFC-29%40d-A-12 82.23 22161.05 8.16 11.8 7.2 0.018 0.001 0.06 1.77 0.04 6 873 64   
L-LFC-29%40d-A-13 103.2 27968.57 10.30 12.3 7.0 0.023 0.002 0.04 0.713 0.05 3 413 40 19.7 1.8 
                
Moisture Content: 29%               
# of F/T Cycles: 20 d               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-29%40d-B-1 2.25 107.88 0.04 13.3 42.0 0.302 0.028 0.97 7.68 0.22 1700 381 2920 507.8 79.2 
L-LFC-29%40d-B-2 2.92 314.24 0.12 13.5 37.0 0.283 0.025 0.93 7.45 0.20 1670 391 2840 465.0 66.6 
L-LFC-29%40d-B-3 3.27 426.47 0.16 13.2 35.0 0.199 0.022 0.62 6.42 0.17 1490 394 2540 413.8 51.6 
L-LFC-29%40d-B-4 4.25 724.04 0.27 13.2 30.0 0.147 0.019 0.49 5.74 0.14 1280 411 2200 362.3 39.2 
L-LFC-29%40d-B-5 5.92 1255.02 0.46 13.1 22.0 0.082 0.011 0.32 4.31 0.09 928 442 1580 278.8 19.7 
145 
L-LFC-29%40d-B-6 6.92 1542.43 0.57 12.9 19.0 0.062 0.009 0.30 3.70 0.08 741 474 1290 231.4 14.0 
L-LFC-29%40d-B-7 11.34 2824 1.04 12.7 11.0 0.028 0.004 0.15 2.80 0.05 308 750 560 118.6 5.3 
L-LFC-29%40d-B-8 19.89 5375.19 1.98 12.3 8.4 0.020 0.004 0.10 2.16 0.05 73 869 181 70.8 3.3 
L-LFC-29%40d-B-9 20.23 5483.01 2.02 12.4 8.3 0.021 0.002 0.10 2.30 0.05 76 1170 180 70.8 3.4 
L-LFC-29%40d-B-10 40.94 11043.34 4.07 12.4 8.2 0.011 0.002 0.08 2.03 0.04 10 894 71 44.5 2.6 
L-LFC-29%40d-B-11 49.94 13435.53 4.95 12.4 8.6 0.016 0.002 0.08 2.02 0.05 8 917 69 38.7 2.5 
L-LFC-29%40d-B-12 50.94 13702.67 5.04 12.2 8.7 0.017 0.002 0.08 1.95 0.04 7 957 68 37.8 2.5 
L-LFC-29%40d-B-13 82.23 21960.79 8.08 11.6 7.6 0.018 0.001 0.06 1.45 0.04 6 728 58   
L-LFC-29%40d-B-14 103.2 27671.26 10.19 12.1 7.3 0.020 0.002 0.05 1.41 0.06 4 697  19.7 2.0 
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Moisture Content: 29%               
# of F/T Cycles: RAPID               
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-RAP-A-1 3.26 190 0.08 12.7 38.0 0.306 0.023 0.67 6.32 0.21 1480 278 2720 582.4 281.2 
L-LFC-RAP-A-2 3.96 430.00 0.17 12.8 34.0 0.261 0.019 0.61 5.61 0.16 1290 276 2380 529.3 223.2 
L-LFC-RAP-A-3 4.38 570.00 0.23 12.7 33.0 0.187 0.014 0.67 5.15 0.18 1170 268 2190 474.1 173.9 
L-LFC-RAP-A-4 7.25 1286.72 0.51 12.6 25.0 0.093 0.009 0.43 3.93 0.11 885 330 1420 432.9  
L-LFC-RAP-A-5 14.15 3167.84 1.25 12.1 13.0 0.035 0.005 0.19 2.38 0.07 274 578 595 180.8  
L-LFC-RAP-A-6 26.25 5513.22 2.18 11.9 8.1 0.029 0.003 0.17 2.31 0.06 44 564 149 95.2  
L-LFC-RAP-A-7 3.26 190 0.08 12.7 38.0          
                
Moisture Content: 29%               
# of F/T Cycles: RAPID               
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-RAP-B-1 4.38 150.00 0.06 12.7 44.0 0.357 0.022 0.75 7.14 0.23 1680 251 3070 645.8 326.7 
L-LFC-RAP-B-2 4.98 380.00 0.15 12.9 39.0 0.359 0.020 0.73 6.46 0.20 1490 253 2730 720.4  
L-LFC-RAP-B-3 5.25 479.89 0.19 12.7 37.0 0.265 0.015 0.79 6.20 0.20 1420 275 2640 652.1  
L-LFC-RAP-B-4 7.25 966.29 0.38 12.6 29.0 0.147 0.011 0.58 4.72 0.15 1000 313 1840 546.0  
L-LFC-RAP-B-5 14.15 2884.70 1.14 11.9 13.0 0.037 0.005 0.21 2.55 0.08 355 550 748 189.2  
L-LFC-RAP-B-6 23.26 4834.60 1.91 12.2 9.9 0.029 0.003 0.09 2.27 0.06 53 553 164 95.9  
L-LFC-RAP-B-7 26.25 5426.62 2.14 11.9 8.5 0.018 0.002 0.08 2.21 0.05 39 533 140 96.0  
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Moisture Content: 29%               
# of F/T Cycles: INTERMITTENT (LFC MATERIAL)            
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-INT-A-1 4.96 52.95 0.02 13.3 40.0 0.338 0.019 0.75 6.57 0.23 1490 278 2700 584.6 383.3
L-LFC-INT-A-2 5.25 105.95 0.04 13.1 40.0 0.394 0.021 0.83 6.75 0.22 1500 293 2700 582.5 344.2
L-LFC-INT-A-3 5.96 131.42 0.05 13.2 86.0 0.243 0.019 0.78 6.32 0.21 1420 275 2590 425.9 162.1
L-LFC-INT-A-4 6.23 211.54 0.08 12.9 28.0 0.178 0.013 0.52 4.61 0.13 995 321 1830 448.8 141.0
L-LFC-INT-A-5 6.96 391.54 0.14     
L-LFC-INT-A-6 11.96 435.81 0.16 13.0 27.0 0.008 0.005 0.49 4.53 0.12 1110 106 2010 435.3 114.7
L-LFC-INT-A-7 12.24 501.79 0.18 12.9 29.0 0.163 0.015 0.58 5.06 0.15 1090 336 1960 403.1 96.0
L-LFC-INT-A-8 12.90 719.09 0.26 13.0 28.0 0.138 0.013 0.56 6.17 0.14 1290 387 2300 366.0 79.4
L-LFC-INT-A-9 13.28 786.80 0.29 12.9 24.0 0.120 0.011 0.47 4.27 0.12 893 339 1620 311.9 52.3
L-LFC-INT-A-10 18.94 959.77 0.35 12.6 22.0 0.039 0.009 0.41 3.82 0.11 923 328 1450 304.5 46.1
L-LFC-INT-A-11 18.94 959.77 0.35    95.1 9.5
L-LFC-INT-A-12 19.90 1027.24 0.38 12.5 23.0 0.068 0.010 0.41 3.76 0.11 907 354 1330   
L-LFC-INT-A-13 20.35 1127.24 0.41 12.5 22.0 0.033 0.003 0.14 2.06 0.06 176 601 410
L-LFC-INT-A-14 32.93 2055.64 0.76 11.7 8.6 0.028 0.004 0.09 2.05 0.07 83 700 255 85.8 7.1
L-LFC-INT-A-15 33.23 2130.64 0.78 11.9 9.5 0.029 0.004 0.08  0.06  509 213 84.4 6.9
L-LFC-INT-A-16 33.92 2320.64 0.85 11.7 8.6 0.032 0.003 0.09  0.06  497 206 79.0 6.4
L-LFC-INT-A-17 34.16 2384.34 0.88 11.6 9.2 0.032 0.003 0.08  0.06  471 187 67.1 5.5
L-LFC-INT-A-18 38.94 2466.75 0.91 12.1 8.3 0.029 0.002 0.08  0.05  610 174 584.6 383.3
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Moisture Content: 29%               
# of F/T Cycles: INTERMITTENT (LFC MATERIAL)            
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-LFC-INT-B-1 5.25 142.05 0.05 13.1 36.0 0.342 0.020 0.76 6.25 0.25 1400 309 2560 538.8 335.7 
L-LFC-INT-B-2 5.96 229.05 0.08 13.0 34.0 0.253 0.017 0.66 5.55 0.17 1210 315 2230 480.2 226.5 
L-LFC-INT-B-3 6.23 453.53 0.17 13.0 69.0 0.222 0.016 0.60 5.1 0.15 1100 310 2040 443.0 189.1 
L-LFC-INT-B-4 6.96 517.4 0.19 13.0 37.0 0.334 0.020 0.78 6.51 0.21 1450 299 2640 534.5 277.2 
L-LFC-INT-B-5 6.96 717.4 0.26   0.000 0.000 0.00 0 0.00 0 0 0   
L-LFC-INT-B-6 11.96 944.76 0.35 12.5 12.0 0.040 0.005 0.17 2.36 0.07 400 493 826 147.9 20.7 
L-LFC-INT-B-7 12.24 1013.23 0.37 12.7 13.0 0.046 0.005 0.17 2.34 0.07 375 525 783 139.7 18.2 
L-LFC-INT-B-8 12.90 1201.41 0.44 12.4 12.0 0.048 0.004 0.17 2.37 0.06 355 539 742 132.4 16.7 
L-LFC-INT-B-9 13.28 1310.04 0.48 12.5 12.0 0.043 0.005 0.16 2.5 0.06 359 580 750 123.0 14.6 
L-LFC-INT-B-10 18.94 1980.04 0.73 12.2 11.0 0.039 0.004 0.16 2.24 0.07 242 601 527 104.5 10.6 
L-LFC-INT-B-11 19.24 2061.22 0.76 12.0 12.0 0.037 0.004 0.15 2.25 0.06 217 638 486 97.0 9.8 
L-LFC-INT-B-12 19.94 2236.22 0.82 12.2 12.0 0.036 0.003 0.14 2.19 0.06 194 624 440 90.7 8.9 
L-LFC-INT-B-13 20.35 2336.22 0.86 12.1 11.0 0.063 0.010 0.45 3.77 0.11 903 380 1330 248.0 37.2 
L-LFC-INT-B-14 22.94 2646.22 0.97 12.0 9.9 0.032 0.004 0.13 2.16 0.06 161 649 383 95.6 9.1 
L-LFC-INT-B-15 23.23 2731.38 1.01 12.1 11.0 0.034 0.003 0.13 2.12 0.06 146 656 355 91.5 8.5 
L-LFC-INT-B-16 29.92 4211.38 1.55 11.9 9.0 0.029 0.003 0.11 1.95 0.07 67 696 211 63.2 6.7 
L-LFC-INT-B-17 30.13 4266.09 1.57 12.2 13.0 0.049 0.004 0.19 2.05 0.09 362 527 690 254.0  
L-LFC-INT-B-18 33.23 4341.09 1.60 12.0 11.0 0.046 0.004 0.14 2.12 0.07 219 436 437 189.9  
L-LFC-INT-B-19 36.94 4424.27 1.63 12.2 7.8 0.027 0.002 0.07 1.91 0.05 33 505 128 70.6  
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Moisture Content: 29%               
# of F/T Cycles: INTERMITTENT (RC MATERIAL)            
Replicate A                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-RC-INT-A-1 1.70 600 0.22 12.6 25.0 0.437 0.014 0.40 3.98 0.20 1340 372 1980 805.6 1442 
L-RC-INT-A-2 2.00 689.02 0.25  23.0 0.282 0.013 0.36 3.39 0.16 1050 384 1600 721.2 858.8 
L-RC-INT-A-3 2.70 879.02 0.32 12.5 22.0 0.168 0.010 0.32 3.25 0.15 1010 401 1540 665.4 739.4 
L-RC-INT-A-4 3.11 989.02 0.36 12.4 21.0 0.151 0.010 0.31 2.88 0.14 859 375 1320 601.6 604.5 
BEGAN LEAKING                
Moisture Content: 29%               
# of F/T Cycles: INTERMITTENT (RC MATERIAL)            
Replicate B                
      *All concentrations in mg/L       
Sample ID 
Total 
Time 
(days) 
Cum. 
Leachate 
(mL) 
LS 
(L/kg) pH 
Cond. 
(mS/cm) As Cd Cu Pb Zn Na Ca K Cl S  
L-RC-INT-B-1 18.94 600 0.22 12.6 26.0 0.526 0.015 0.39 4.07 0.24 1350 389 1980 772.3 1307 
L-RC-INT-B-2 19.24 674.33 0.25 12.6 24.0 0.308 0.014 0.35 3.52 0.17 1110 401 1670 750.6 883.5 
L-RC-INT-B-3 19.94 814.33 0.30 12.5 23.0 0.237 0.012 0.34 3.35 0.17 1010 399 1540 690.8 755.8 
L-RC-INT-B-4 20.35 874.33 0.32 12.4 21.0 0.138 0.008 0.30 3.00 0.14 950 379 1450 633.4 637.6 
L-RC-INT-B-5 22.94 1204.33 0.44 12.5 20.0 0.095 0.007 0.31 2.93 0.13 837 381 1310 754.8  
L-RC-INT-B-6 23.23 1286.63 0.47 12.4 20.0 0.095 0.007 0.30 2.93 0.13 849 405 1230 687.0  
L-RC-INT-B-7 29.92 2741.63 1.01 12.0 12.0 0.054 0.004 0.20 2.11 0.10 394 525 742 307.4  
L-RC-INT-B-8 30.13 2798.03 1.03 11.7 8.4 0.006 0.002 0.09 1.97 0.05 61 685 207 102.8  
L-RC-INT-B-9 33.23 2873.03 1.06 11.8 8.8 0.012 0.003 0.07 1.87 0.05 41 461 146 88.0  
L-RC-INT-B-10 37.24 2962.68 1.09 12.2 8.6 0.017 0.002 0.12 1.85 0.06 147 431 321 160.6  
150 
APPENDIX D – FLOW DATA FROM LEACHING EXPERIMENTS 
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Figure E.1.  Concentration of calcium as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Figure E.2.  Concentration of sodium as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Figure E.3.  Concentration of potassium as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Figure E.4.  Concentration of chloride as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Figure E.5.  Concentration of sulfate as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Figure E.6.  Concentration of arsenic as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Figure E.7.  Concentration of cadmium as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Figure E.8.  Concentration of copper as a function of LS ratio for the 0, 10, 20, and 40 
F/T cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture 
content, and C) 29 % moisture content. 
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Figure E.9.  Concentration of lead as a function of LS ratio for the 0, 10, 20, and 40 F/T 
cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture content, 
and C) 29 % moisture content. 
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Figure E.10.  Concentration of zinc as a function of LS ratio for the 0, 10, 20, and 40 F/T 
cycle aged materials.  F/T aging at A) 7% moisture content, B) 15 % moisture content, 
and C) 29 % moisture content. 
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